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ABSTRACT 
Improvement of Deep Tubewell Irrigation Project Performance 
in Bangladesh 
Md. Mirjahan Miah, Doctor of Philosophy 
Utah State University, 1984 
Major Professor : Dr. Robert W. Hill 
Department: Agricultural and Irrigation Engineering 
A computer model for use in predicting the impact of various 
improvement options on command area expansion of a deep tubewell 
xiii 
irrigation system has been developed. A field study was conducted 
on 11 selected deep tubewells located at two sites, namely Dhamrai 
and Thakurgaon, in Bangladesh to collect necessary physical data 
to provide irrigation engineering insight and a basis for testing 
and application of the model. The results of the investigation 
revealed that the actual discharge of most of the deep tubewells 
was lower than the design or rated capacity. The duration of pump 
operation in the majority of the study deep tubewell areas was 
extremely low. The conveyance losses in all of the study systems 
were very high. Even though a portion of those losses was reused 
in the system, particularly in rice growing areas, they caused serious 
difficulty in delivering water to remote fields, thus, restricting 
the command area. The overall irrigation efficiencies in all of the 
wheat growing areas of Thakurgaon were low. Considerable losses 
and waste of water after it was diverted from the field channels due 
to lack of leveling and poor water control were mostly responsible 
:<i \' 
for the low efficiencies . Excessive percolation losses due 
to inadequate puddling of the soils during land preparation and 
frequent drought conditions resulted from poor distribution of water 
in some of the rice growing areas of Dhamrai caused relatively low 
overall irrigation efficiencies. The overall efficiencies of the 
pumps both driven by diesel engine and electric motor were found to 
be much lower than the recommended values. 
The developed model was applied to predict the expected command 
area under both existing and modified physical conditions. The 
model predicted command areas were compared with the actual field 
observed values and necessary adjustments were discussed. The impact 
of each of the improvement alternatives considered in the study was 
determined by comparing the predicted command area under the 
modified conditions with that under the existing physical settings. 
An economic analysis was performed to determine the cost effective-
nes s of most of the alternatives . 
Application of the model in evaluating the farmers' pump operation 
practices was demonstrated. Use of the model to assist the farmers 
in planning the command area and delivery schedule was also indicated. 
Although the model was developed to use in a deep tubewell irrigation 
system, it can also be used in the system served by a low-lift pump 
or by a turnout in a large irrigation project. 
(210 pages ) 
INTRODUCTION 
The food supply-population imbalance is a major constraint 
in the development strategies of most Third World countries. The 
Steering Committee on World Food Nutrition Study (54), reported 
that the developing countries will need an average annual increase 
in food supply of about 3 to 4 percent for several decades. To 
achieve this food supply increase, food production 
in the developing countries must be increased at the rate of about 
3.5 percent together with a proportionate increase in net import 
of grains. The growth of population, at an alarming rate in this 
region, is further aggravating the problem through limiting the 
land resources available for cultivation. The rernc; in~ng choice 
is, therefore, to intensity production. Effective irrigation, 
together with application of adequate fertilizers, pesticides, and 
use of high yielding varieties promise to sharply increase pro-
duction. 
Irrigation projects in most developing countries perform at 
levels much below their potential. Thus, frustrating the efforts 
of attaining food supply self-sufficiency and often threatening the 
economic justification on which the project rests (66). During the 
1974 World Food Conference, the improvement and rehabilitation of 
irrigation systems was given the top priority in the joint develop-
ment of land and water resources. Recently, a number of 
professionals, scholars, practitioners and policy makers shifted 
2 
their attention from a traditional and almost exclusive concern 
with building new systems to the need for improving the performance 
of existing systems. The UN Food and Agricultural Organization 
(21), estimated that by 1990, developing countries in Africa, 
Latin America, the Near East, and Asia will need 22 million hectares 
(ha) of new irrigated land and 45 million ha will need improvement. 
The costs involved will be high, but FAO suggests that one way to 
decrease these costs is by developing national facilities and skills 
to reduce the dependence on imported expertise, equipment and 
material. Experiences in some developing countries have demonstra-
ted the benefits and cost effectiveness of improvements (15, 20, 
42, 43). 
Background and Problem Definition 
Bangladesh, stretching over 14.3 million ha lying in the flat 
delta of three of the world's large rivers --the Ganges, the 
Brahmaputra and the Meghna (F ig . 1), has a population of about 89.9 
million peop le. At present 8.4 million ha, or almost all the arable 
lands are cult ivated with a cropping intensity of about 153 percent. 
In recent years, the population growth rate has been higher than 
that of food production, requiring an annual import of some 2 
milli on tons of food grains. It is estimated that by the year 2000 
Bangladesh will have a population of 140 million with a corresponding 
food grain requ irement of 27 million tons (35) . Cereal production 
shou ld be increased to keep pace with the population growth . Conse-
quently, the overall development program, particularly agricultural 
investments have been geared to a food grain self-sufficienty objective. 
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In total, Bangladesh has abundant water resources. Counting 
the average annual river inflow from India and rainfall, there 
is typically enough water to cover the country to a depth of some 
4 
9 meters (48). Most of the inflow occurs in the monsoon months and 
cannot be stored because suitable reservoir and tank sites are not 
available. Mean annual rainfall in the country varies from 1,400 
mm in the west to over 5,000 mm in the northeast (50) . However, 
90 percent of the total rainfall occurs in the six monsoon months 
(May-October). Therefore, irrigation is a prerequisite to extend 
the crop growing season over the entire year. Irrigation can 
provide crop insurance against short period droughts in the wet 
season. It also increases the potential for increased yields from 
high yield varieties and fertilizers. 
Bangladesh does not have any ancient irrigation projects. 
Nevertheless, the people have been practicing traditional irriga-
tion methods for generations. At present, about 0.46 million ha 
are irrigated by traditional methods. The first form of mechanized 
irrigation, low-lift-pump (LLP) was introduced about 20 years ago 
to lift surface water from rivers and ponds. About 41 percent 
of the total irrigated area is now covered by LLP. Due to the 
scarcity of surface water, tubewells (deep tubewell, shallow tube-
well, and hand tubewell) have been used to tap groundwater for 
irrigation . Approximately 0.35 million ha presently are irrigated 
by tubewells. In addition, about 0.15 million ha are irrigated by 
large scale pumping-cum-gravity type irrigation projects. 
In 1980, 1.48 mi llion ha of land were under irrigation. The 
5 
government of Bangladesh wants to increase the irrigated area to 
2. 92 million ha by 1985 (Table 1). Minor irrigation projects will 
play a major role in this program because of their quick-yielding 
benefits. 
The average performance of deep tubewell irrigation schemes 
is extremely poor. The five year (1975-1979 ) national average area 
irrigated by each deep tubewell is about 17.8 ha (3). Recent 
unpublished records of Bangladesh Agricultural Development Corpora-
tion show that the coverage has improved considerably, but it i s 
still far below the potential value (46). A number of studies have 
been conducted and a long list of possible causes were reported. 
But, in all cases, these are either informed judgments, hypothesis 
or pure specu lation (48). Systematic studies to clearly document 
the difficulties and to determine the impacts of various suggested 
improvement options are lacking. The present study focusing on the 
quantitative evaluation of present performance level and applica-
tion of a modeling approach to predict the system performance using 
identifiable physical parameters will partly fill up the gap. 
Such a study will provide the government decision makers tools for 
formulating remedial action to improve the irrigation project 
performance. 
Objective 
The purpose of this study is to develop a framework for 
improving deep tubewell irrigation project performance in Bangladesh. 
This will involve collecting necessary physical data to provide 
irrigation engineering insight and to provide a basis for 
6 
TABLE 1.--Actual and Estimated Pump Population in Bangladesh (11) 
Actua 1 , FY 1980 Target FY 85 
Area 
Type Number (Mha) Number Mha 
( 1) (2) (3) (4) (5) 
Low-Lift Pump 38,600 0.60 50,000 0.83 
Deep Tub ewe 11 10,000 0.22 25,000 0.61 
Shallow Tubewell 20,000 0.08 130,000 0.65 
Hand Tub ewe 11 100,000 0.01 500,000 0.08 
Subtota 1 : 0.91 2.17 
Minor Irrigation 
Traditional 
Irrigation (doon, 0.49 0.41 
swing basket, 
shaduf) 
Major Irrigation 0.08 0.34 
(BWDB ) 
1.48 mi 11 ion ha 2.92 
developing and testing a command area model. 
The specific objectives are: 
1. To analyze the performance of some selected deep tubewell 
irrigation systems in Bangladesh; 
2. To develop a mathematical model to predict the system 
performance using some measurable physical parameters; 
3. To apply the model to determine the attainable performance 
level of each individual or category of deep tubewells studied within 
the present physical settings; and 
4. To demonstrate the use of the model in simulating the 
impact on command area expansion of (a) improvement/extension of 
watercourse system, (b) improved on-farm water distribution and 
application practices, (c) increased duration of pump operation, 
and (d) land leveling. 
REVIEW OF LITERATURE 
Irrigation Project Evaluation 
Engineering evaluation of an irrigation project involves 
measurement of conditions at a few representative points and 
application of judgment and experience to correlate these data 
with overall project performance. This kind of evaluation is 
necessary to determine the present performance level as well as 
8 
the potential for future improvement. The outcome of an evaluation 
study will provide management with a reasonable basis for select-
ing possible modifications that may be both practical and 
economical. A number of excellent writings on evaluation pro-
cedures are found in the literature (52, 53}. 
Irrigation efficiency has been used as an index parameter 
in irrigation project evaluation. Since an irrigation project is 
composed of different components, a large number of performance 
indices are being used. 
The work of Israelsen (36} in 1932 is often cited as the 
first attempt to define irrigation efficiency. He was concerned 
with water application on a single field and defined water applica-
tion efficiency as the ratio of the amount of water that is 
stored by the irrigator in the soil root zone and ultimately 
consumed to the amount of water delivered at the farm. Since 
then a number of studies have been undertaken (28, 32, 37, 75} 
and consequently irrigation efficiency term has been given assorted 
9 
definitions and connotations. 
Jensen (37) described overall irrigation efficiency as composed 
of several components related to various segments of the systems. 
He combined mathematically, the component efficiency terms to 
formulate the overall irrigation efficiency, Ei as: 
(1 ) 
where Es equals the reservoir storage efficiency, defined as the 
ratio of the volume of water delivered from the reservoir for 
irrigation, to the volume of water delivered to the reservoir; 
Ec equals the water conveyance efficiency, is the ratio of the 
volume of water delivered by an open or closed conveyance system 
to the volume of water delivered to the conveyance system at the 
supply source or sources; Eu or unit irrigation efficiency, is the 
ratio of the volume of irrigation water used in evapotranspiration 
in the specified irrigated area, plus that necessary to maintain a 
favorable salt concentration in the soil solution, to the volume 
of water delivered to this area. 
Willardson (76) found as many as 20 definitions of irrigation 
efficiency and probably a few more have been added subsequently (7, 
34). He presented the concept of water application efficiency and 
pointed out that uniformity of water. application i s the key to 
high water application efficiency. Uniformity has also been defined 
in numerous ways. 
On-farm Irrigation Committee of the American Society of Civil 
Engineers (55) fairly standardized the efficiency terms applicable 
to on-farm irrigation practices. They defined irrigation 
10 
efficiency as the ratio of the average depth of irrigation water 
which is beneficially used to the average depth of irrigation water 
applied. Application efficiency was defined as the ratio of the 
average depth of irrigation water stored in the root zone to the 
average depth of irrigation water applied. 
They also defined distribution uniformity as the ratio of the 
average low quarter depth of irrigation water infiltrated to the 
average depth of irrigation water infiltrated. The definition of 
coefficient of uniformity, UC, was standardized as: 
N 
l: !x i - xl 
uc 1 - i =1 ( 2) 
N x 
where xi equals the individual infiltrated depth; x equals the average 
infiltrated depth; and N is the number of observations. 
Hart et al. (34) demonstrated that the performance of an 
irrigation system can be fully described through the measurement 
of as few as four independent quantities. These are: the fraction 
of the absorbed water stored in the root zone, the fraction of the 
requirement met, the fraction of the delivered water absorbed, and 
the fraction of the infiltrated water that percolates below the mean 
infiltration depth. 
The Committee on Assembling Irrigation Efficiency Data of 
the International Commission on Irrigation and Drainage (7) in an 
effort to standardize the procedure for assessing the efficiency 
of water use in an irrigation project, defined various components 
of irrigation efficiency. In addition to other terms, they defined 
the efficiency of water use downstream of the point where the 
control of the water is turned over from the water supply organi-
zation to the irrigators and farmers as tertiary unit efficiency, 
Eu, and expressed as: 
[3] 
where Ed equals the distribution efficiency, defined as the ratio 
of the volume of water furnished to fields plus the nonirrigation 
deliveries from the distribution system to the volume of water 
delivered to the distribution system; and Ea equals the field 
application efficiency, is the ratio of the quantity of water 
needed to maintain the soil moisture above minimum level required 
for crop to the quantity of water furnished at the field inlet . 
Numerous studies have been undertaken focusing on analyzing 
irrigation efficiency at the individual field or farm level. 
Limited emphasis has been directed toward analyzing water use 
efficiency from the system or overall project concept. 
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Ga linato (22) investigated irrigation efficiencies on ten 
separate fields in the Snake River Fan Area near Rigby, Idaho during 
the 1973 irrigation season. He found that water application 
efficiencies for border irrigation ranged from 19 to 32 percent. 
Furrow irrigation efficiencies ranging from 47 to 48 percent were 
observed. 
Claiborn (14) determined irrigation water use efficiencies 
for six irrigation projects in the Upper Snake River Region of 
Southern Idaho during the 1974 water year. River diversion data, 
conveyance system seepage los s data, crop distribution, and return 
flow data were compiled. Deep percolation losses and irrigation 
efficiencies were determined using an inflow-outflow water balance 
analysis. Farm efficiencies for the projects in 1974 varied from 
11 to 62 percent . Project irrigation efficiencies ranged from 10 
to 42 percent. 
12 
Doorenbos and Pruitt (18) summarized the results of a recent 
comprehensive survey carried out by the Internationa l Commission on 
Irrigation and Drainage. Average conveyance efficiencies of unlined 
field canals within blocks larger than 20 ha and for blocks up to 
20 ha were 0.8 and 0.7, respectively. The field application 
efficiency for basin and level border irrigation method was 0.58 and 
that for rice was 0.32. 
Johnson et al. (41) reviewed the extensive research work of 
Colorado State University Water Management Team in Pakistan. 
They reported that the delivery efficiencies ranged from 27 to 90 
percent and most application efficiency measurements indicated a 
value of 60 percent or less. The overall irrigation efficiency 
over seven different agro-climatological zones and 19 different 
watercourses var ied from 11 to 79 percent with an average of 44 
percent. 
Tyagi et al. (69) conducted an evaluation of various copmonents 
of a tubewell irrigation system at Central Soil Salinity Research 
Institute Farm, Karnal, India. The parameters selected for 
evaluation were the efficiencies of pumping, conveyance and field 
application. The pumping efficiency for electrically driven 
centrifugal pumps was 52 percent and the corresponding value for 
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diesel engines run pumps was 30 percent. The conveyance efficiency 
of the field channel laid in the alkali soil was as high as 93 
percent. The water application efficiency for long narrow border 
systems was 58 percent for a wheat crop and 42 percent for rice. 
The overall system efficiency for wheat crops was found to be 54 
percent as against a value of 39 percent for rice. 
Over the last few years, a number of studies have been under-
taken to identify the problems associated with poor performance of 
minor irrigation schemes in Bangladesh. But only a few of them 
emphasized the quantitative evaluation of various components of the 
system. 
Biswas et al. (6) conducted a study on 98 tubewell and 88 
low-lift pump irrigation systems in 21 thanas of Bangladesh. Data 
were collected through interviewing the manager and some randomly 
selected farmers of each irrigation unit. In that study, the 
researchers found that nonavailability of fuel, lack of spare 
parts and mechanics, corruption of officers or managers, and 
defective distribution systems are the most important problems 
contributing to the poor performance of all the categories of 
irrigation projects. 
Sattar (59) measured actual pump discharge and conveyance 
losses of 10 selected tubewell irrigation systems of Thakurgaon 
Tubewell Project during the 1982 dry season. He found that the 
actual discharge capacities varied from 79 to gg percent of those 
obtained at the time of installation. The conveyance losses for 
brick-lined main and earthen field channel ranged from 38 to 135 
and 122 to 300 li/hr per m2 of wetted area, respectively. 
In the dry season of 1983 a diagnostic analysis (46) was 
implemented on five deep tubewell irrigation systems in Joydebpur, 
Bangladesh. It was found that the pumps were discharging from 
28.3 to 37.1 1/s. The pumping plant efficiency varied from 14.5 
to 17.3 percent for diesel engine run pumps and 39.6 to 46.6 
percent for electrically driven pumps. The conveyance losses 
ranged from 1.31 to 4.01 1/s per 100m. 
Improvement of Irrigation Project Performance 
A considerable amount of water is lost in the system below the 
point where the control of the water is turned over from the water 
supply organization to the irrigators and farmers. This is because 
of poorly maintained and defective distribution system coupled with 
farmer's limited knowledge of on-farm water management. Towards 
the goal of increased water use efficiency in this section, several 
improvement programs have been proposed. 
Irrigation Scheduling and Optimization.--The purpose of 
scheduling irrigations is to ensure timeliness of the application 
of necessary amounts of water with a goal to achieve optimum crop 
yields and efficient use of water. A greater benefit from irriga-
tion scheduling can be obtained if a controlled and dependable 
supply of water is ensured. 
Haise and Hagan (26) discussed the various soil, plant and 
evaporative techniques used as criteria for establishing irrigation 
schedules for a given crop and climatic area. The soil based 
measurements include soil appearance and feel, soil water content 
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measurements either by gravimetric sampl ing or neutron probe, 
electric resistance and soil matric potential. The plant water 
stress indicators are color, plant movements and exudation. 
Scheduling irrigations using meteorologicalapproach has been 
the concern of many researchers (39, 56, 57, 71, 72). This 
approach requires the knowledge of : (a) short-term evapotrans-
piration rates at various stages of plant development, (b) soil 
water retention characteristics; (c) permissi ble soil water 
deficits in relat ion to evaporative demand; and (d) the effective 
rooting depth of the crop grown. 
15 
Jensen (38) developed a time-sharing computer program to 
estimate soil moisture depletion, the number of days before the 
next irrigation, and the amount of water that should be applied. 
Since then, the scheduling services using computer program expanded 
steadily in the United States. The limiting factor for this type 
of program, especially i n developing cou ntries, is the lack of 
suitable delivery mechanisms (43). 
Lundstrom et al. (49) developed a checkbook method to schedu le 
irrigation. The method uses maximum air temperature, long-term 
average solar radiation and crop growth stages to determine the 
time of next irrigation. The method is very simple, but maintains 
an acceptable level of accuracy. Simp le weekly irrigation charts 
that predict crop water demands based on daily rainfall were field-
tested in Pakistan and found promising where rapi d communication 
and highly trained manpower are not availab le (43). 
Buras et al. (10 ) developed a computer program for planning 
and updating farm irrigation schedules. Given the areas involved, 
the production plan and details of the hydraulic characteristics 
of the water supply and farm distribution network, an irrigation 
schedule is produced. As current information regarding climate 
and soil conditions, water supply, agrotechnical practices, and 
market conditions becomes available, the initial schedule can be 
updated within a very short time so as to reflect the changing 
environmental conditions. Shrestha (62) evaluated a functioning 
rotation irrigation scheduling system and developed a simple 
procedure to schedule irrigation by using climate-crop-soil data. 
Kaewkulaya (44) developed a computer simulation model for pre-
season scheduling of rotation irrigation at all project levels in 
a large scale gravity-type irrigation system. Rotation delivery 
requirements were determined using daily water balance. 
All the above methods discussed are addressed to the goal of 
maximizing application efficiencies without adversely affecting 
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the crop yields. Where water is scarce or expensive, the goal of 
irrigation should be reoriented to economically optimize water use. 
Economically optimum irrigation practices involve reducing water 
use from the yield maximizing level to the level at which marginal 
cost equals the value of marginal product. Deficit irrigation 
should be carefully scheduled because the magnitude of yield 
reduction depends not only on the severity of the stress, but also 
on the physiological stage of the crops at which the stress occurs. 
Hall and Buras (29) developed a procedure which can aid in deter-
mining the optimal allocation of water to the fields of a farm 
presuming the production function and seasonal distribution of the 
applications of water are known. Hall and Butcher (30) developed 
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a method which can be used to assure that the seasonal di stribu-
tion of water is optimal for each point on the overall production 
function. Stewart et al. (65) discussed the methodology for 
prediction of optimal irrigation programs at any level of irriga-
tion water supply analyzing the crop water production function. 
They pointed out that if irrigations can be scheduled to avoid a 
suboptimal ET deficit sequence, farmers can be assured of producing 
the ma ximum yield for a given supply. 
Trava et al. (67) also developed a computer management 
program for a farm irrigation system covering several crops and 
soil types that could determine irrigation strategies to minimize 
labor costs and yet distribute a limited water supply so that crops 
were not stressed. Angeles (2) developed a computer simulation 
model for use in the efficient allocation of water for run-of-
the-river type irrigation systems. In case of defi cit water supply 
the model allocates the water according to the crop sensitivity to 
water stress in order to minimize the effect on yield. Gulati and 
Murty (24) developed a simulation model for optimal distribution 
of water in the canal commanded area using the production functions. 
Barrett and Skogerboe (5) found that by considering a possible range 
of production functions, and by understanding the factors causing 
variations in the form of these functions, valuable conclusions 
can be drawn relating to the optimal depth of water application. 
Bras and Cordova (9) developed a methodology for optimal temporal 
allocation of irrigation water, taking into consideration the intra-
seasonal stochastic variation of the crop water requirements and 
the dynamics of the soil moisture depletion process. Tsakiris and 
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Kiountouzis (68) developed an inventory control model to determine 
the optimal irrigation strategy for a crop during a given period of 
growth. First, the water depletion by the plant is derived, then 
the economic loss due to the decrease in yield caused by delaying 
irrigation and the cost of water application are considered. 
The above are just a few of the numerous works available dealing 
with the subject of optimum utilization of the water resource in 
agriculture. Application of these complex simulation models in 
day-to-day water management practices are, however, not yet feasible 
because of unlikely economic justification. 
Improvement of Distribution Network.--Inadequate and poorly 
maintained distribution network causes ineffective distribution of 
water both in terms of conveyance efficiency and equity. Keller et al. 
(47 ) discussed the problem using a membrane concept and suggested 
that all irrigation projects serving farmers with small individual 
holdings should have well managed and adequate farm distribution 
and field application systems to ensure high water use efficiencies 
and equitable distribution of water. 
Extensive research by Colorado State University Water Manage-
ment Team in Pakistan established that 20 to 70 percent of the water 
delivered at the turnout is lost in the water channels under the 
control of the farmers (41 ) . The magnitude of the delivery system 
losses was mainly determined by the frequency of cleaning, the 
quality of maintenance of the watercourse, the length of the water-
course, and the total quantity of water available at the turnout. 
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In a field measurement on 27 watercourses of 19 deep tubewell 
systems in Bangladesh by Miah (51) showed that the conveyance 
losses varied from 29 to 87 percent for channel lengths of 244 
to 938 meters. Sattar (59) rev i ewed the studies at various places 
in Bangladesh and reported that about one- fourth to one- third of 
all water diverted for irrigation purposes is lost in conveyance 
in unlined canals. 
Various techniques to reduce the delivery system losses were 
examined in Pakistan (43). During the early 1970 ' s emphasis was 
placed on cement and brick-lined watercourses. The main channel 
and branches were lined for distances of 4,336 and 4,809 meters, 
respectively. As indicated, lining reduced the average loss rate 
to about 47 percent of the original value. A touch up 
and plastering job after completion of the improvement reduced the 
losses by another 90 percent. However, due to high cost of lining 
the method was not found economical ly feasible (15). A second 
alternative studied was cooperative improved watercourses where the 
farmers provided the labor and the government provided the technical 
adv i ce. Improvement on several earthen watercourses indicated an 
average savings of about 50 percent. This technique was found to 
be beneficial . Easter (20) reported that installation of earthen 
field channels in an existing flood irrigation project produced an 
annual net return of 741 to 864 rupees (1 U.S. dollar = approx-
imately 7.5 rupees) per hectare with investment costs of only 84 
rupees per hectare. 
Recently, a consultant (48) designed brick-lined distribution 
system for 23 selected deep tubewell projects in Bangladesh . Each 
of these projects will serve as a model of design and operation 
for the Ministry of Local Government, Rural Development and 
Cooperatives and to water users groups. Therefore, economic 
justifiability was not considered. 
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Precision Land Lev eling.--Land leveling is not new. Farmers 
have been practicing some form of land leveling for centuries. The 
problem is, it is not precise. Precision land leveling is grading 
and smoothing of the land surface to a given degree of precision 
to facilitate efficient irrigation. Clyma et al. (16) discussed 
the importance and actual process of land leveling. 
Land leveling saves water through increasing uniformity and 
efficiency of application. Johnson et al. (42) found that in level 
basins, where fields contain elevation differences of the magnitude 
of ± 4 em, it is only possible to obtain an application efficiency 
of 65 percent. Shafique et al. (61) reported seasonal application 
efficiencies to be 46 percent for unleveled fields and 91 percent 
for leveled fields. Agarwal and Gael (1) reported that application 
efficiency and distribution uniformity increased 15 and 20 percent 
respectively, as the surface unevenness dropped from a mean deviation 
of 3.7 em to 1.2 em in fields graded to 0.2 percent slope. 
Land leveling also improves the yield through eliminating 
water stresses on high spots and increasing the fertilizer use 
efficiency. Johnson et al. (42 ) reported that for every 3 em 
reduction in the range between the maximum and minimum heights in 
the field, results in an increase of 176 .8 kg per hectare for wheat. 
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He also demonstrated the economic justification of precision land 
leveling. Agarwa l and Gael (1) found that the wheat yield 
increased from about 45 quintal per hectare to 53 quintal per 
hectare as the leveling quality was improved from a mean deviation 
of 3.7 em to 1.2 em. He also pointed out that to obtain reasonably 
high yield and judicious use of water at a reasonable cost the mean 
deviation should not exceed 3.0 centimeters. 
All the above findings are related to upland crops. Paddy 
lands also need to be level for uniform distribution of water, 
fertilizers, and pesticides . But the precision of leveling of these 
lands is not as critical as for upland crops. Farmers usually level 
the rice land using a shallow depth of water in the field, as an 
elevation reference, during land preparation. Thus, high and low 
spots can be easily seen and corrected. Karim et al. {46), in an 
invest igation on five selected deep tubewell areas in Joydebpur, 
Bangladesh, found that 70 percent of the rice field s studied met the 
levelness criterion of ±3 em. 
Simu lation Model of Irrigation Systems 
Weaver et al. (74), in a recent working paper, described an 
economic and physical simulation model of an irrigation system. The 
model has three primary components: (a) an irrigation system model 
which determines the daily water distribution to the farm level based 
on the configuration and management of the delivery system, type of 
canal infrastructure, water allocation rules and the agro-climatic 
environment; (b) a farm level water balance model which estimates 
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daily water availability and crop stress at the farm level from 
daily distribution of irrigation water, rainfall, evapotranspiration, 
and seepage and percolation; and (c) a farm decision/crop production 
model that estimates farm production input use and crop production 
output as a function of water availability, input prices, agro-
climatic variables and other decision rules. 
Weaver et al. (74) also indicated that the simulation model 
can be used to determine the impact of the important agro-climatic, 
operational, economic and organizational variables on command area 
irrigated, crop yields and farm income. 
Water Management and Irrigation 
Requirement for Rice 
Land Preparation Period.--Land preparation for lowland rice 
involves soak ing the root zone soil to saturation, plowing and 
harrowing to a puddled condition. The purpose is to (a) provide 
a soil surface that is weed free, soft and level to make trans-
planting easier; (b) mix organic matter like rice straw, stubble 
and weeds with the soil to encourage decomposition; (c) level the 
field for uniform distribution of irrigation water, fertilizers, 
and pesticides; and (d) minimize water losses by the formation of 
a puddled layer. 
Suggested water management practices during this period are: 
(a) to flood the field 2 to 7 days before plowing depending on the 
hardness; (b) to keep the so il flooded with about 1 em of water 
until harrowing; and (c) to maintain enough water in the field 
unt il tra nsplanting to prevent the soil from drying and hardening. 
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Water requirements of land preparation are a substantial part 
of the total water supplied in growing rice. The total requirement 
is composed of: evaporation from the wetted fields prior to 
transplanting, water required to establish a water layer on the 
field, water absorbed into the root zone so il, and seepage and 
percolation losses. The principal component of the water used in 
this period is for soil soaking which varies depending on the type 
of soil and pre-tillage water content. Kampen (45) gathered the 
experimental results on water requirements for land preparation in 
different rice growing regions as shown in Table 2. The National 
Irri gation Administration of the Philippine Government (2) indicated 
that land soaking of 120 mm to 150 mm, depending on the type of 
soil, is needed and an additional 30 mm would be required for land 
preparation. Van de Goor and Zijlstra (73) est imated that land 
soaking for marine clays and alluvial soi l s in West Malaysia 
requires about 125 mm and that about 25 mm more is lost to seepage 
and percolation. Chin (12) indicated that between 150 and 180 mm 
of water i s suff icient to prepare and transplant in light soi l s, 
provided that the entire operation is compl eted in two days. 
Valera and Wickham (70) studied a 145 ha area in Central Luzon 
with sandy clay loam soils and found that 110 em of water was 
inco rporated in the soil during plowing, 396 mm was required to 
replace seepage and percolation plus water incorporated in the soil 
after plowing and 150 mm was evaporated giving a total water require-
ment of 565 mm for the 48 day period of la nd preparation. Wickham 
and Sen (77) found that the water requirements for extended l and 
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TABLE 2.--Water Requirements for Land Preparation in Paddy Rice 
Cultivation (45) 
Initial Total Time Seedbeds Land Soaking Flooding Location mm Days mm I1J1l rrrn 
( 1) {2) {3) (4) {5) ( 6) 
Ceylon 330 
India 230 250a 200 
India 230- 390 0 l99- 400a 210- 3SO 
Japan 130 
Malaysia 225 125 100 
Nalaysia 176 
Surinam 420 300 120 
Taiwan 120-150 20 
Taiwan 200-210 20 200a 150 30 
Thailand 300-400 
Southeast Asia 220-240 250- 400a 150- 200 
a The total quantity in mm required for seedbeds is divided by a factor 
of 15 to 25, according to the seedbed ratio, to obta in an ave rag~ 
water requirement per ha. 
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preparation are about 40 percent of the water required to produce 
a rice crop and that they can be reduced by shortening the duration 
of land preparation operations. 
Clearly, land soaking and land soaking periods are the critical 
points in the design of the conveyance system. Numerous formulas 
have been developed (12, 25, 64) for determining canal capacity 
for irrigated rice. 
Normal Growth Period.- -Generally, two types of water regimes 
are being used for growing rice. These are continuous flooding and 
intermittent or alternate flooding. Continuous flooding is the 
conventional method and is practiced where irrigation water is 
abundant. Intermittent flooding has become popular in the areas 
where no sufficient supply of water for continuous application 
exists. Chow (13) summarized t he results of a number of tests 
conducted to compare the paddy yie lds under continuous versus 
alternate flooding. Resu lt s obtained by the International Rice 
Research Institute favored continuous flooding while the studies 
in Taiwan indicated no yield reduction, but 20 to 50 percent water 
sav i ngs under intermittent flooding. De Datta et al. (17) found that 
cont inually saturated plots produced simi lar annual grain yields 
to continually flooded plots . He also pointed out that su bme rgence 
has other advantages, however, such as better weed control, higher 
efficiency of fertilizer and better insect control with granular 
chemicals. Bangladesh Rice Research Institute (4) reported that 
yield difference and fertilizer use efficiency between 5 em stand-
ing water and saturated condition were insignificant. Doorenbos 
and Kassam (19) indicated that moderate submergence during critical 
periods and keeping the soil water in the root depth at not less 
than 75 percent of full saturation during the rest of the growing 
season can save water up to 50 percent. 
Robins et al. (58) indicated that rice apparently has three 
critical periods when moisture stress reduces grain yield: the 
seedling establishment or transplanting period, the tillering 
stage of growth and a period from about 20 days before to about 
5 days after heading. 
The only true water requirement for growing rice is the 
water used by the plant as it grows and transpires. But additional 
water is lost as evaporation from the soil-water surface and 
through seepage and percolation. For lowland rice, these losses 
can be minimized by careful water management but cannot be eliminated 
and are, therefore, treated as requirements. Chow (13) co l lected 
experimental data on consumptive use of rice and found that it 
varied from 290 to 1118 mm. In a field experiment in Bangladesh, 
Halim (27) found that the average water requirement for BR3 rice 
variety was 1446 mm. The consumptive use for rice ranges from 4 
to 9 mm per day for most rice growing areas of Asia (77). The big 
difference in daily water requirement is due to variation in seepage 
and percolation, a governing factor for water requirement. Seepage 
and percolation varies from less than 1 to 6 mm per day for most 
areas of the tropics, but may exceed 20 mm per day. 
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Seepage and Percolation 
Seepage and percolation may be the major components of lowland 
rice water requirement. In principle, percolation refers to 
downward movement of water beyond the root zone to the water table, 
while seepage is the lateral movement of subsurface water. The 
two are very difficult to separate and for practical purposes, they 
are considered together as a collective term. The rate of seepage 
and percolation is highly variable and is influenced by soil 
27 
texture, depth to water table, density of drainage network, 
topography and perimeter to area ratio. Management factors affect-
ing seepage and percolation rate are puddling, soil compaction, and 
insufficient water supply leading to dried and cracked soils. Drying 
and cracking of the soil increased seepage and percolation ·rate by 
as much as 10 times (78). Puddling of the so il effectively reduces 
the rate of seepage and percolation. 
Wickham and Singh (78) found seepage and percolation as the most 
elusive components in conducting water balance studies due to the diffi-
culty in making accurate measurements. They found a wide variation of 
seeoage and percolation rates among sites of similar soil tyoe . They 
also reported that the seepage and percolation in dry season is 
higher than that in wet season. Field studies from 73 sites within 
central and southern Luzon, Philippines in the dry season (45) have 
shown mean perco lation rates of 1.3 mm per day on alluvial and 
plastic soils with the water table between 0.5 and 2.0 m and 2.6 mm 
per day when water table is deeper than 2 m. Sandy-clay loam and 
sandy loam had mean percolation losses of 2.9 mm/day, compared with 
1.0, 1.6, and 1.2 mm/day for clay and silty-clay, silty-clay loam, 
and loam, respectively. 
Ghani (23) conducted field studies to measure seepage and 
percolation loss from four sites in Joydebpur, Bangladesh. He 
used water subsidence technique and found that the weighted average 
seepage and percolation rate for clay loam soil was 1.6 mm/day. 
Recently, a diagnostic analysis {46) of five deep tubewell irriga-
tion systems in the same area indicated that the percolation rate 
for clay to silty clay varied from 1.5 to 2.0 mm/day. 
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BASIC CONSIDERATIONS AND MODEL DEVELOPMENT 
The farmers, in a deep tubewell irrigation project of Bangladesh, 
usually plan the command area and distribute water without even 
knowing the actual discharge of the pump and crop water requ ire-
ments. They have to construct and maintain the distribution channels 
without any technical or financial assistance from the Project Authority. 
As a result, on-farm distribution systems are very poor and often 
incomplete making the farmers depend on plot to plot flow. Farmers' 
limited knowledge of when and how much water to apply coupled with 
lack of water control causes considerable application losses. All 
these contribute to the ultimate result of an actual command area much 
less than what could potentially be covered by the tubewell. A number 
of improvement options could be proposed to expand the actual command 
area per unit of existing deep tubewell. These could be improvement 
and/or extension of on-farm distribution system, water management 
services and land leveling. But their impact on the actua l command 
area expansion shou ld be evaluated to determine their cost effective-
ness. This can be accomplished by apply ing a modeling approach to 
predict the system performance in terms of command area from a given 
set of physical parameters. 
Section Delivery Requirement 
The section delivery requirement at a given time depend s on the 
farming activities, prevailing weather conditions, soil type, kind 
and stage of crop growth. It is also influenced by the amount of 
30 
distribution and application losses within the section and the level 
of farm water management practices. Thus, the delive ry requirement 
at the inlet of an indi vidual section can be expressed as: 
SDR = f(a, w, s, c, m) [4] 
where SDR is the section delivery requirement; a is the farming 
activity index; w is the measure of prevailing weather condition; s 
is the soil type parameter, c is crop information; and m is the index 
of management level. In order to determine the section delivery 
requirement the following data should be collected from records, 
literature and actual observation in the field. 
A. Farming activities 
1. Start and duration of land soaking (rice) 
2. Land soaking rate (rice) 
3. Length of land preparation period 
4. Start and duration of planting 
B. Weather data 
1. Maximum and minimum temperatures 
2. Solar radiation or bright sunshine hou rs 
3. Wind speed {optional) 
4. Air humidity {optional) 
5. Prec ipitat ion 
C. Soil information 
1. Water holding capacity 
2. Initial soil moisture 
3. Land preparation requirement and percolation losses 
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D. Crop infonnation 
1. Growing period 
2. Crop coefficient 
3. Period from planting to effective cover 
4. Beginning and maximum root depths 
5. Root development period 
6. Minimum available soil moisture at which stress occurs 
E. Management level 
1. Delivery schedule 
2. Distribution and application practices and associated 
losses 
3. Topography 
4. Skill of the irrigators 
Land Preparat ion Requirements 
Prior to planting, a suitable seedbed needs to be prepared and 
this requires plowing and harrowing of the so il . Most soi l s are 
easier to prepare when moist and hence, after a dry period, it is 
a good practice to wet the soil prior to land preparation. Usually, 
for an upland crop grown after the wet season, the residual moisture 
from the previous rains shou ld be sufficient for land preparation. 
Fow lowland rice, however, it is a nonnal practice to soak the so il 
above the hard pan to saturation and to maintain a shallow depth of 
water during the entire period of land preparation. 
Total water requirement for transplanted rice land preparation 
can be expressed as: 
TLP = Ds(n - SMI) + WST + (E + P)(tp) [5] 
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where TLP is the tota l land preparation requirement; Ds is the depth 
of soil above the hard pan; n is the soil porosity; SMI is the initial 
volumetric water content; WST is the depth of water ponded above 
the soil surface; P is the average daily percol at ion loss; is 
the evaporation rate from the water or wet soi l surface; and tp is 
the time for land preparation in days. 
The peak demand of water for paddy rice usually occurs during 
the land preparation period or when the land soaking period overlaps 
the transplanted field irrigation period . If the land preparation 
progresses at a constant rate, as represented by curve B in Fig . 2, 
a higher but shorter duration peak delivery demand occurs. With 
proper scheduling of on-farm activities, as depicted by curve A, a 
20 to 30 percent sma l ler demand and hence a 20 to 30 percent increase 
in irrigable area for a given supply, can be obtained. An ideal 
rotational water di stribution pattern in a rotation block during 
the land soaking period is shown in Fig. 3. As indicated in the 
figure, the rotation bl ock is divided into S number of rotation units 
of equal s i ze . The l and soaking operation is completed in n rotations . 
The rate of land soaking decreases with time. 
Crop Water Requirement During 
Normal Growth Period 
The actual water requirement of a crop during its normal growth 
period is primaril y for evapotranspiration. For rice irrigation, 
however, percolation losses constitute a significant percentage 
of the water requirement . 
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Evapotranspiration.--Evapotranspiration is the combined effect 
of transpiration, which is the water entering plant roots that is 
used to build plant tissue or that is passed through plant leaves 
into the atmosphere, and evaporation of water from wet soil, water 
surface, or plant leaves. It is influenced by soil moisture status 
and the prevailing weather conditions described by temperature, 
solar radiation, wind speed and vapor pressure gradient between the 
surrounding air and the evaporating surfaces. 
There are a number of methods available to determine the evapo-
transpiration, either directly or indirectly (18, 40). The Penman 
combination equation is considered superior to all other methods of 
estimating evapotranspiration using climatic data (40) because of 
its theoretical basis. The Penman combination equation modified 
by Doorenbos and Pruitt (18) was selected for this study. The 
equation is: 
ET0 = C [ W·Rn + (1-W)·f(u)·(ea- ed )] [6] 
where ET0 is the reference crop evapotranspiration, which is the 
rate of evapotranspiration from an extensive surface of 8 to 15 em 
tall green grass cover of uniform height, actively growing, 
completely shading the ground and not short of water, mm per day; 
W i s the temperature related factor which is equal to M (My) , where 
~ i s the rate of change of the saturation vapor pressure with 
temperature and y is the psychrometric constant; Rn is net radiation 
in equivalent evaporation in mm per day; f(u ) is the wind related 
function equal to 0.27 (1 + U2/ 100), where U2 is total wind run in 
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km per day at 2 m height; (ea - ed) is the difference between the 
saturation vapor pressure at mean air temperature and the mean 
actual vapor pressure of the air, both in m bar; and C is an adjust-
ment factor to compensate for the effect of day and night weather 
conditions. 
Doorenbos and Pruitt (18) discussed the calculation procedures 
to obtain the vapor pressure gradient from various humidity measure-
ments . In Bangladesh humidity data are reported as relative 
humidity and hence the estimating equations are: 
[7] 
[8] 
ea 1.3329 EXP [21.07 - 5366.0/(Tmean + 273.1)][9] 
[10] 
where Tmax and Tmin are maximum and minimum air temperatures in 
degree Celsius; RHmax and RHmin are maximum and minimum relative 
humidities. 
Where wind data are not collected at 2 m height; they can be 
estimated by using the equation: 
[11] 
where z is the elevation in m at which Uz is measured. Supp lementary 
equations for the Modified Penman method are: 
y Cp (P/0.622 \ ) 
Cp 0.242 
37 
II 595. 0.51 (T) 
P 1013 0.105 (E LE ) 
where Tis the mean air temperature in degree Celsius and ELE is the 
elevation in m. 
6 = 33.8639 [0.05904 (0.00738 T + 0.8072) 7 - 3.42 X 10-5] 
(the above relationship is forT ~ - 23 °C 
where T is mean daily temperature in degree Celsius. 
Rn = 0.77 (Rs) - Rb 
where Rs is solar radiation, Langleys per day. 
Rb = Rbo [a (Rs/Rso) + b ] 
Rso is clear day solar radiation, Langleys per day. Values of Rso 
can be obtained by developing an envelope curve from the plotted 
measured maximum so lar radiation data. Where measured solar 
radiation data are not available, values given by Jensen (40) may 
be used. 
Rbo = (a1 + b1 reG )(11.71) (10)-
8 (Ta)4 
Ta is the mean daily temperature, °K and ed was defined earlier. 
Values of a, b, a1, and b1 are found in Jensen (40). In this 
study the values used are: a = 1.0 , b = 0, a1 = 0.39, and b1 
-0.05 . 
The above equations were synthesized to develop a computer 
program using Fortran IV coding. 
The method discussed above gives the potentia l evapotrans-
piration of a reference crop. The potential evapotranspiration of 
a specific crop can be obtained by adjusting the plant growth stage 
to the potential evapotranspiration of the refere nce crop as 
expressed by: 
[12] 
where ETcrop is the evapotranspiration of a disease-free crop 
grown in l arge fields under optimum soil water and fertility 
conditions; Kc is a crop coefficient; and ETR is reference crop 
potential evapotranspiration. Under ac tual cond itions water may be 
limiting and a soil factor must be considered in. determining the 
actual evapotranspiration of a field crop . Thus, the actual evapo-
transpiration, ET is 
ET = Kc • Ks • ETR [13] 
where Ks is so il water coefficient. Ks ranges from 0.0 for dry 
soi l to 1.0 when the soil moisture is not limiting. Numerous 
concepts to relate Ks with soil water content have been proposed 
(31). In this study the va lue of Ks was estimated using the 
following equations : 
if SWS/AWS ~ b [14] 
and 
Ks = SWS/(b·AWS ) if SWS/AWS < b [15] 
where SWS is the current soi l water storage; AWS is the total 
available water holding capacity of the soil; and b is some fraction 
less than one. For wheat a value of 0.5 was used in this work. 
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In this study the crop coefficient curve for wheat was 
developed using the procedures proposed by Doorenbos and Pruitt 
(18) and for rice the crop coefficient curve developed by Kaewku laya 
(44) was used. The kc curve for rice and wheat are shown in Figs. 
4 and 5 and the multiple regression constants are shown in Table 3. 
Percolation.--For paddy rice, the cultural practice is to 
maintain standing water in the field or at least saturated soi l 
conditions and hence percolation loss is unavoidable. However, it 
can be minimized through extensive puddling of the soil during the 
land preparation time. For irrigation planning and design purposes, 
percolation rate is considered to be constant during the normal 
growth period. 
Percolation losses may not be a major problem for upland crop 
irrigation. At most, it would occur during each irrigation if more 
water is applied than can be stored in the root zone or the 
application is extremely nonuniform. 
Water and So il Moisture 
Balance Equation 
Water and soil moisture balance equation, in a simple form is: 
Wi Wo + ~Ws [16] 
where Wi is the water added to an area; Wo is the water removed from 
the area; and ~Ws is the increase or decrease in the storage of water 
or soi l moisture within the area. 
For scheduling irrigation, the water and soil moisture balance 
i s usually expressed dynamically as : 
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TABLE 3.- -Regression Constants for Rice and Wheat Crop Coefficient, Kc, Curves 
Rice Wheat 
Transplant i ng to 
Regress ion Mid-growing After Mid-growing Before Effective 
Coeffic ient Season Season Cover 
(1) (2) (3) (4) 
co 0.800 1.07 0.404 
c1 0.104 0.291 -0.140 
c2 -0.65 -0.798 2. 710 
c3 1.89 0.48 -1.863 
c4 -1.08 -0.44 
After Effective 
Cover 
(5) 
1.102 
5.67 X 10- 3 
-3.87 X 10-4 
8.71 X 10-7 
..,. 
N 
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[17] 
where t refers to the time interval. 
The dynamic water balance equation for a flooded rice field is: 
During the land preparation period, 
[18] 
During the normal growth period, 
- LS - ET 
ot t 
[19] 
where t refers to the time interval; IRis the net irrigation; RN 
i s rainfall; LSi and LS
0 
are, respectively, the lateral seepage into 
and out of the field; DP is deep percolation; ETW is the evaporation 
from the open water, equal to ETR.Kcw, where ETR is the reference 
crop potential evapotranspiration , Kcw is the crop coefficient of 
open water; ET is evapotranspiration from the rice field, which is 
equal to ETR. Kc, where Kc is the crop coefficient of rice; DR is 
the surface drainage due to excessive rainfall or irrigation; and WD 
is the depth of water in the rice field. 
If we assume that leakage and lateral seepage in and out of an 
individual paddy field are equal and the water in excess of a certain 
maximum depth will be lost as surface drainage, the daily water 
ba l ance to determine the rotational irrigation requirement for each 
rotation unit is: 
During land preparation 
[20] 
During normal growth period, 
[21] 
WDt+l = WDMX if WDt+l > WDMX [22] 
and 
after each irrigation [23] 
where WDMX is the maximum allowable depth of standing water in the 
paddy field. 
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In Bangladesh, especially during the dry season, rice fields are 
intermittently flooded allowing the field to dry up to a level near 
field capacity. Under those circumstances, WD may be redefined as 
the total depth of available water, standing plus the available 
soil water. 
For the upland crop, the dynamic soi l moisture balance equation 
accounts for all moisture entering and leaving the root zone soil. 
The depth of the root zone is also dynamic and is a function of 
crop age. The equation is: 
SWSt+l = SWSt + !Rt + RNt + GWt- ETt- OPt- DRt 
[24] 
where t, IR, and RN are the same as defined above; GW is ground 
water contribution due to capillary rise; ET is the actual evapo-
transpiration of a crop; DP is deep perco lat ion; DR is the surface 
runoff; SWS is the available so il moisture content in the 
effective root zone, expressed as a depth of water. 
Neglecting the capillary rise and considering the portion of 
the rainfal l stored in the maximum root zone soil as effective, the 
daily soi l moisture balance equation to determine the rotational 
irrigation requirement for each rotation unit is: 
swst+1 = swst + Ret - ETt [25] 
swst+ 1 = AWSt, if swst+ 1 > Awst [26] 
and 
swst = Awst, after each irrigation [27] 
where Re is the effective rainfall. 
Equations [20] through [23] and [25] through [27] were used 
in the computer program. 
Delivery and Application Los ses 
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The water losses in a deep tubewell irrigation system include the 
conveyance l osses in the delivery channels, distribution and app lica-
tion losses. The extent of these losses depends on the condition 
and maintenance of the watercourse system, quality of water control 
and management level. These losses can be taken into account in 
determining the delivery requirement using the irrigation efficiency 
concepts. 
To describe the performance of each component of the system, the 
overall irrigation efficiency can be separated into conveyance 
efficiency and unit irrigation efficiency, as presented in Fig. 6. 
The overall irrigation efficiency here means the percent of 1•1ater 
pumped which was used to fulfill the consumptive irrigation require-
ments of the irrigated cropland in the system and can be expressed as: 
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Ei = ( igo ) ( i~o ) (100) [28] 
where Ei is overall irrigation efficiency; Ec is conveyance 
efficiency of the delivery channel; and Eu is the unit irrigation 
efficiency. 
Unit Irrigation Efficiency. -- In this work the unit irrigation 
efficiency refers to the ratio of the amount of water required for 
net irrigation in the unit area, resulting from the daily dynamic 
water or soil moisture balance equation, to the amount that is 
delivered to the unit area. Unit irrigation efficiency accounts 
for the field application losses and conveyance losses within the 
unit area . Thus, the net delivery requirement for each rotation 
unit can be determined by: 
NOR = ~ x 100 Eu [29] 
where NOR is the net delivery requirement for each rotation unit 
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and XIR is the net irrigation requirement in the unit area, both are 
in m3 • 
Conveyance Efficiency . --The conveyance efficiency of the 
delivery channel can be defined as the percent of water pumped that 
is delivered to t he unit area. It includes l osses due to seepage 
through channel body, leakage through rodent holes and cracks in 
the banks, poorly sealed outlets and junctions, spillage and other 
operational wastes. The conveyance loss obtained from inf l ow-outfl ow 
measurements should be adjusted for the transient phenomena such as 
init i al soaking into dry channel body and dead storage. The magnitude 
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of the adjustment factor, however, depends on the frequency and 
duration of use of a given channel section. In this study an adjust-
ment factor of 1.1 for wheat and 1.05 for rice area were used. 
Conveyance efficiency can be estimated by : 
XL QD - ( TOO ) ( CL) 
E ; ---"------'~---
c QD [30] (100) 
where Q0 is the pump discharge in liter per second; XL is the 
average channel length in m; and CL i s the conveyance loss in liter 
per second per 100m. The average channel length used can be 
estimated by: 
n 
I L.T. i;1 1 1 XL [31] n 
I Ti i;l 
where Li is the length of channel section between the pump and 
the diversion point for the unit area, i; Ti is the time during 
which the channel section was used; and n is the number of unit 
areas within the system. 
Command Area Prediction 
The possible command area of a deep tubewell is a function of 
peak delivery requirement, discharge of the pump, and duration of 
the pump operation. The total delivery requirements per unit area 
during each rotation period can be determined from the net delivery 
requirement for each rotation unit, NOR. From these, the peak 
rotational delivery requirement can be obtained. Peak gross demand 
can be ca lculated as: 
WRGRX - WRMX (100) -~ [32] 
where WRGRX is peak gross demand per unit area, in m3 ; WRMX is the 
peak rotational delivery requirement, in m3 ; and Ec is the 
conveyance efficiency of delivery channel. The expected command 
area can be computed by using the relation: 
A= C(Q0)(T)/WRGRX [33] 
where A is the command area in ha; C is a conversion factor; Q0 
is the pump discharge in liters per second, and T is the operating 
hours. 
The procedures of determining expected command area involve 
estimation of conveyance losses. Conveyance loss is influenced by 
channel length which, in turn, depends on the size of command area. 
This suggests a trial and error solution and requires a functional 
re l ationship between area and channel length. 
Computer Model and Program Description 
The procedures outlined in the previous sections were 
synthes ized and translated into a computer program using Fortran IV 
49 
coding. The model was developed based on the following assumptions: 
(a) the distribution of water is rotational in which the command area 
is divided into a number of unit areas of about equal size; (b) the 
number of unit areas is equal to the number of days in a rotation 
and in a gi ven day water would be delivered to one unit area on ly ; 
(c ) in a rice growing area the progress of land soaking in each 
unit is as depicted by curve A in Fig. 2; (d) for upland crops, 
planting progress at a constant rate and is completed within a 
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period equal to the rotation interval and during that period 
irrigation water is not applied; (e) the lands in a unit area which 
receive land soaking water on the same day are transplanted in one 
day; (f) during the normal growing period of rice, the depth of 
irrigation water application would be zero if the standing water in 
the field is above some specified value; (g) percolation rate in a 
rice field is a constant value as long as the soil moisture remains 
above the field capacity and below that it becomes zero (under actual 
field condit ions the percolation rate varies); (h) the net depth of 
application in a rice field during crop maintenance period should not 
exceed a specified value; and (i) for upland crop the root depth 
increases at a constant rate from a beginning value to the maximum 
value during the root development period and after that it remains 
constant . A conceptual framework of the general methodology is 
shown in Fig. 7. The program was developed as a number of subprograms 
to add versatility to its use . The main program simply contro l s the 
computational operation of the subroutines according to the user's 
need and preference. Control and option codes (ICTRL, !PRINT, 
METHOD and ICRP) are read and computations are executed accordingly. 
A Fortran listing of the program along with sample inputs and outputs 
are shown in Appendix V. A brief description of each of the sub-
routines are given below. 
ENVRDT.--This subroutine computes the daily reference crop 
potential evapotranspiration using the Penman combination equation 
modified by Ooorenbos and Pruitt (18). The program calculates the 
required solar radiation either from the daily bright sunshine hours 
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FIG. ?.--Conceptual Flow Diagram Showing the General Methodology 
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or from the difference of maximum and minimum temperatures depending 
on the user's preference. 
The input requirements are: 
1. Site data 
a. Name of the weather station (STMN) 
b. Latitude, longitude and elevation of the weather 
station (XLAT, XLON, and ELEV ) 
c. Height of the anemometer (WHT) 
2. Daily weather data 
a. Maximum and minimum temperatures (TMX and TMN) 
b. Maximum and minimum relative humidities (HMX and HMN) 
c. Bright sunshine hours (BS) 
d. Wind speed (U) 
e. Rainfall (PPA) 
3. Other Information 
a. Beginning and ending dates of the record (IBG, MBG, 
IND, and MND) 
b. Polynomial constants of the relation between the 
Julian Day and the expected cloudless solar 
radiation [CRSO(l), CRS0(2) CRSO (4)] 
The output of this subprogram is the daily reference crop 
evapotranspiration. A printout of the output including the station 
identification, daily weather data and reference crop evapotranspira-
tion (ETR) ca~ be obtained by using an appropriate value for !PRINT. 
SCHEDU.--This subroutine simply transfers the control to either 
RICE or UPCROP according to the value of ICRP. 
RICE.--This subroutine determines the net rotational irrigation 
requirement for each rotation unit using daily water balance 
equation. It also computes the net daily and total rotational 
delivery requirements on a 1-ha area basis. It uses daily rainfall 
and the daily reference crop evapotranspiration generated by the 
subroutine ENVRDT. 
The additional input requirements are: 
1. Crop and soil information 
a. Length of growing season (IGSS). The time from 
transplanting to the physiological maturity 
b. Last irrigation, days before harvest (IRSTP) 
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c. Water requirements for land soaking and submergence (WLS) 
d. Crop coefficient. Polynomial constants of crop 
coefficient curve [CKl(I), CK2(!)] 
e. Crop coefficient of open water (CKW) 
f. Proportion of the area under different soil types 
[PL(I)], and corresponding percolation rate [PER(!)] 
g. Minimum soil moisture at which stress occurs (WMNl) 
2. Information on farming activity and management 
a. First date of irrigation for soi l saturation, 
Julian day (ISGD) 
b. Time of land preparation, number of rotation (LPT) 
c. Number of irrigation rotations during land soaking 
period (LT) 
d. Rotation interval, days (INT) 
e. Polynomial constants of the relation between the time 
and progress of land soaking [CT(l), CT(2), 
CT(4)] 
f. Maximum irrigation depth (XIRX) 
g. Maximum depth of water which can be stored in the 
Paddy (WDX) 
h. Unit irrigation efficiency (UIE) 
The outputs are: 
1. A summary for each unit area on water use including: 
a. Total irrigation 
b. Total rainfall 
c. Total drainage 
d. Total actual evapotranspiration 
e. Total stress days 
2. Daily net delivery requirements on a 1-ha area basis 
3. Total rotational net delivery requirements on a 1-ha area 
basis 
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Each of the above outputs can be printed out by using appropriate 
value of !PRINT. 
UPCROP.--This subprogram performs the same computations as the 
subroutine RICE does. 
This subroutine requires the following input data : 
1. Crop and soil information 
a. Length of growing season (IGSS) 
b. Last irrigation before harvest, in days (IRSTP ) 
c. Period from planting to effective cover, in days (I EFC ) 
d. Beginning and maximum root depth, in em (BGRD, RTMX) 
e. Root development period, in days (I MRD ) 
f. Fraction of available soil moisture at which stress 
occurs (AWSFBS) 
g. Polynomial constants of crop coefficient curve before and 
after effective cover [CK1(1), CK2(1)] 
h. Maximum and minimum values of the crop coefficient 
( CKMX, CKMN) 
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i. Available water holding capacity, em/em (AVW) 
j. Initial soil moisture storage (SMI) 
k. Beginning date of planting (IS GD ) 
2. Irrigation and management 
a. Irrigation rotation interval (!NT) 
b. Unit irrigation efficiency (UIE) 
Outputs from this subroutine are similar to those from the 
subroutine RICE. 
AREA.--This subroutine first finds out the peak rotational 
delivery requirement per unit of area . It estimates the conveyance 
los ses to determine the peak period gross delivery requirement. The 
program then computes the command area and corresponding channel 
l ength. The computed channel length is compared with the assumed 
va lue. The trial and error process continues until a command area 
i s found out for which the computed channel length is approximately 
equal (±5 percent) to the assumed va lue. This subprogram uses the 
net rotational delivery requirements computed by RICE or UPCROP. 
The additional inputs are: 
1. Scheme name (DTWNM) 
2. Number of crop (NCROP) and proportion of the area planted 
with each crop in decimal number [PC(3)] 
3. Assumed channel length to begin the trial and error 
process, m (X LI ) 
4. Average conveyance loss, liter per second pr 100m (QL) 
5. Pump discharge, liter per second (QD ) 
6. Adjustment factor to account for transition phenomena such 
as initial wetting of the dry channel body and dead 
storage (FAC) 
7. Peak operating hours, fra ction of the maximum possible 
value (OPP) 
8. Total number of irrigat ion rotations (IRT) 
9. Rotation interval, days (!NT) 
10. Polynomial constants of the relation between command 
area and channel length [CL(1), CL(2), ... CL(4)] 
It gives the following outputs: 
1. Name of the scheme 
2. Pump discharge 
3. Peak rotation operating hours 
4. Peak ne t delivery requirement on a 1-ha area basis and 
the rotation number during which it occurred 
5. Expected area under different crops and the total 
possible command area 
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FIELD INVESTIGATION, DATA COLLECTION AND ANALYSIS 
Research Sites 
The field study was conducted on eleven deep tubewell irriga-
tions systems located at two sites in Bang ladesh, during the dry 
season of 1g82-1983. Six deep tubewells in Thakurgaon Tubewell 
Project run by Bangladesh Water Development Board (BWDB) and five 
deep tubewel l s established by Bang ladesh Agricultural Development 
Corporation (BADC) at Dhamrai were selected. A tentative selection 
was made in -consultation with the personnel of the concerned 
organizations. The criteria used were:a wide range of performance 
levels, easy eaccessibility and availability of farme rs ' cooperation . 
Sites were visited and meetings with the management committee of 
the local farmers' ·group were arranged. The purpose of the study 
was ~xp l ained and possible cooperation was sought at those meetings . 
Some adjustments in the selection were made because of abnormally 
low command area due to shortage of seeds, extremely difficult 
location and nonavailability of farmers' cooperation. Location of 
sites and the study deep tubewells are shown in Figs. 8 and 9. 
Climate and Soi ls.--The study sites are characterized by a 
typical tropical monsoon season . Both of them fall under the zone 
having 5 to 6 months of dry and 5 to 6 months of wet season (Fig. 10 ) . 
In Thakurgaon area temperature rises steadily from a minimum of 
10°C in January to a max imum of 35°C in Apri l . Based on the 
weather data recorded at a nearby meteorological station, namely 
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FIG . B.-- Locat i on of the Study Deep Tubewell s (BADC ) in Dhamrai, 
Dhaka, Bang ladesh, 1982-1983 Dry Season 
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Manikganj, Dhamrai area has a maximum temperature of 24.4°C in the 
month of April and a minimum temperature of 11.9°C in the month 
of January. In both the areas, monthl y evaporation is at a 
maximum of about 150 mm during May. Mean annual rainfall in 
Thakurgaon and Dhamrai area are 1974 mm and 1702 mm, respectively. 
But most of them occur between April and October (Fig. 11). 
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Thakurgaon area falls under the old Himalayan piedmont plains 
and Ohamrai area is located in the Young Bhamaputra (Jamuna) Flood 
Plain (Fig. 12). Soils in Thakurgaon area are alluvial, consisting 
of sandy or coarse silty material on higher lands, permeable loams 
on sloping areas and clays in depressions; all are generally well 
drained. They are moderately fertile and suitable for year-round 
cropping. Soils in Dhamrai area are sandy loam replenished every 
year by fresh deposits of si lt carried down by the flood water, and 
are very fertile. 
System Characteristics.--BWDB deep tubewells are 60 to 80 m 
deep, drilled using reverse rotary method. They are equipped with 
electrically driven suspended turbine pumps having discharge 
capacities of 56.6 to 113.2 liters per second. Each deep tubewell 
is provided with a discharge box having a standard contracted 
rectangular weir and a raised brick-lined cana l which has a length 
between 290 to 671 m. Outlets consisting of 2 to 3 circular pipes 
placed side by side are provided at appropriate places on each side 
of the ca nal. 
BW DB looks after the operation, repairing and maintenance of 
irrigation facilities and provides agricultural extension services 
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to the farmers. BWDB has an appointed operator to operate the 
pump according to farmers' demands and maintains the facilities. 
The farmers are expected to organize themselves and form an irri ga-
tion committee for equitable distribution of water. They are also 
responsible for constructing and maintaining the field channel s. 
The farmers are supposed to pay the water tax which is equivalent 
to 3 percent of the increased production due to irrigation. 
BADC deep tubewells are typically the same as BWDB tubewell s, 
except that they have a design capacity of 56.6 liters per second. 
They do not have any built in measuring device or lined distribution 
channel. The installations of these tubewells are dependent upon 
application from groups of farmers and are not established under 
a project approach. Because of the tubewell ' s scattered nature, 
most of these pumps are powered by diese l engines. 
The procedure to procure deep tubewells begins with farmers 
who either organize themselves or are organized into user groups. 
Some of these groups operate as legal farmers' organizations while 
some remain informal. Regardless of the type of organization, BADC 
supplies all the deep tubewells to the farmers. Most tubewells supplied 
in the past were rented on a yearly basis, but recently, they have 
been sold to farmers' groups for cash payment at a subs id ized rate. 
The responsibility of operat·ion and distribution of water i s 
vested on the farmers' group. The farmers' group forms a management 
comm ittee to do the job. The farmers usually construct the channels 
and distribute the water without any technical assistance from the 
government. However, BADC provides maintenance services and supplies 
fuel and other inputs at reasonable prices. A farmer-operator having 
some short-term training on pump operation operates and maintains 
the pump and distributes the water with the help of one or two 
paid water distributors. 
Field Measurements and Data Collection 
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Discharge of the Deep Tubewells.--The discharge for the systems 
provided with standard contracted rectangular weir was determined 
by measuri ng the water head and weir length and using the calibra-
tion table (60) . For those having no built in measuring device, 
the discharge of the pump was measured by means of cutthroat flumes. 
The flumes were locally fabricated in the sheet metal workshop of 
Bangladesh University of Engineering and Technology according to 
standard specifications (63). The flumes were in stalled as close 
to the pump as possible and measures were taken to eliminate any 
visible l eakage between the pump and the flume. The measurement for 
pump discharge was taken when the flow through the flumes or weirs 
became steady. The measurements were repeated severa l times during 
the investigation period. 
Pump Operating Hours.--Data on pump operating hours were 
collected by recording the time of start and stop of pump in eac h 
day of observation. Appropriate forms were prepared and the pump 
operators of the study tubewells were trained for accurate data 
entry. Each of the deep tubewell areas was vi sited everyday to check 
the accuracy of record keeping. 
Energy Consumption . --The energy consumption for electrically 
operated pump was determined by noting the meter reading at the 
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start and stop of the pump and the time of run. For diesel engine 
the fuel consumption was determined by measuring the drop of fuel 
level in the tank and corresponding time of operation. A calibra-
tion of each fuel tank was developed by refilling the tank in one 
gallon increments and noting the corresponding level. The developed 
calibration was used to determine the volume of fuel consumed. 
Command Area and Crop Distribution.--In Dhamrai area the size 
of command area was determined by preparing a list of farmers and 
the size of their lands within command area. In Thakurgaon area 
command area size data were collected from the official record. 
Mauza ma ps (la nd-holding maps) and chakbandi maps (project layout 
maps) of scale 1:3960 of the study deep tubewell area were collected. 
The existing distribution channel layout and cropped areas were 
plotted on those maps through actual observation in the field and 
consultation with tubewell managers and/or operators. The actual 
command area was planimetered and compared with that obtained from 
the record. 
Topography and Soils.--Topographic survey using 30m x 30m 
grid system was conducted for each deep tubewell area at Dhamrai 
site. For Thakurgaon area topographic maps of scale 1:15840 were 
co 11 ected. 
Three integrated soi l samples up to a depth of 45 em were taken 
for each tubewell from the head, middle and tail parts in the command 
area. The three samples were mixed thoroughly and were analyzed for 
textural determination. The U.S. Department of Agriculture textural 
classification chart was used to characterize the soil texture. 
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Irrigation Channel Survey.--Layout of the existing irrigation 
channels was plotted on the mauza or chakbandi maps. The length 
of existing channel was measured and the longitudinal slope of 
each main or submain channel was established by taking staff read-
ings at an interval of 30m. Cross-sectional profile was taken at 
3-5 representative locations, depending on the channel length. A 
meter scale, a tape and a 45 em spirit l evel were used to take the 
measurements. The general condition of the channel and use of any 
control or diversion structure were observed and documented. 
Conveyance Losses.--Conveyance losses in each main and submain 
channel and a few selected field channels were measured by inflow-
outflow method. Cutthroat flumes were used to measure inflow and 
outflow . One flume was installed near the tubewell and another was 
placed near the tail end of the channel. Wherever possible, a third 
flume was placed near the middle to compare the loss in the upper 
reach with that in the lower. The placement of the flumes was 
checked with a spirit level for levelness in both longitudinal and 
transverse directions. Flow through al l the flumes was recorded 
simultaneously until a steady flow occurred at all the flumes. The 
conveyance loss in the section was calculated by: 
CL 100 [34] 
where CL is the conveyance loss in liters per second per 100m; 
Qin and Qout are steady state inflow and outflow, in liters per 
second, respectively; and L is the length of the channel section 
in m. 
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Application Efficiency.--Three to five representative plots in 
each tubewell area were selected, in consultation with the operator, 
for application efficiency measurements. In order to determine 
the water application efficiency the following measurements were 
taken: 
a. Area of the plot, m2 
b. Soil moisture before irrigation, fraction (dry weight basis ) 
c. Bulk density of the soil, g/cc 
d. Soil moisture after irrigation fraction (dry weight basis) 
e. Rate of water delivery, 1/s 
f. Irrigation time, hour 
The area of individual plots were determined by measuring the 
average length and width of the plots. 
Soil moisture contents were determined gravimetrically. Sampling 
was done at four locations in each plot and at each location three 
samples were collected from the incremental depths of 0-25 em, 25-50 
em, and 50-75 em. However, in a few cases, samples were collected 
only up to 50 em. Sampling was done before and after irrigation to 
find the change of soil moisture resulting from irrigation. In all 
cases, 24-hour interval was used between the sampling periods. The 
fresh soil samples were weighed and kept in an oven with a tempera-
ture of l05°C to ll0°C for 24 hours. The dried samples were then 
weighed to compute the moisture content, em, using the equation: 
e = 
m 
Wet-weight - Oven-dried Weight 
Oven-dried Weight [35] 
The bulk density (Pb ) of the soil at three locations in each 
plot was measured. Undisturbed soil samples were collected by 
driving a cylinder, 4.7 em in diameter and 8.5 em in length . The 
undisturbed sample obtained from the cylinder was oven-dried and 
weighed to determine Pb. 
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A cutthroat flume of appropriate size was installed near the 
inlet of the plot. Both flow rate and time were recorded at an 
interval of 2-5 minutes from the beginning to the end of irrigation 
in order to determine the volume of water delivered. 
Weather Data.--For use in Dhamrai site daily weather data were 
gathered from the meteorological station of Bangladesh Rice Research 
Institute (BRRI), Joydebpur. Data collected include daily maximum 
and minimum temperatur~, relative humidities, wind speed, rainfall, 
evaporation and bright sunshine hours. 
For Thakurgaon area daily maximum and minimum temperatures and 
relative humidity data were obtained from the Bangladesh Agri-
cultural Research Institute office located within the study area. 
Daily rainfall and evaporation measured by the International Rice 
Research Institute, BRRI and BWDB research personnel during the study 
period were collected . Weekly average values of some weather 
parameters during the study period are shown in Figs. 13 and 14. 
Solar radiation data are not available in Bangladesh. For this 
study solar radiation wa s estimated from the ratio of the actual to maximum 
possible sunshine hours (n/ N) , and the extraterrestrial radiation 
(Ra). The following linear equation proposed by Doorenbos and 
Pruitt (18) was used: 
Rs ; (0.25 + 0.50 n/ N)Ra [36] 
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Solar radiation was estimated from the difference of maximum 
and minimum temperatures and the extraterrestrial radiation as proposed 
by Hargreaves and Samani (33) for Thakurgaon area. This is because 
the actual sunshine hours or cloud cover data were not available. 
The estimating equation used is: 
Rs 0.16 (Tmax - Tmin)O.S Ra [37] 
Tmax and Tmin are defined earlier . 
Production Cost and Input Use.--Nine representative plots--three 
in the head, three in the middle and three in the tail part of each 
tubewell command area were selected. The farmer owner of each 
selected plot was interviewed every two weeks during the season to 
record labor and other input used. Special forms were prepared for 
systematic data collection. A summary of the data is included in 
Table 26, Appendix IV . 
Crop Cut and Yield Determination.--Crop cuts for three Sm x Sm 
sample areas were taken from each selected plot for yield determina-
tion. Threshing and cleaning of the harvested samples were done 
manually . For wheat the grain samp les were weighed after 2-3 days 
of sun drying. For rice, fresh samples were weighed and their 
moisture contents were determined by using a moisture meter . The 
fresh weight was adjusted at 14 percent moisture ·content. The yield 
was computed by dividing sun-dried or adjusted weight of the sample 
by the crop cut area. A summary of the data is included in Tables 24 
and 25, Appendix IV. 
Method of Water Distribution and Irrigation Cost Assessment.--
The actual me thod of water di stri bution was observed in the field. 
The manager and operator of each tubewell were interviewed as well 
to collect data on method of water distribution and irrigation cost 
assessment. For Thakurgaon area BWDB personnel responsible for 
i rrigation cost assessments were interviewed. 
Data Analysis 
Conveyance Efficiency.--The average conveyance efficiency of 
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a deep tubewell irrigation system depends on the average leng t h of 
the delivery channel. Since the data on time of run of each channel 
section were not available Equation [31] could not be applied and 
an indirect approach was used to estimate the average channel length. 
The command area was divided into 10 to 15 subareas considering the 
topography, land ownership boundary, and channel layout as shown in 
Fig . 15. Each of the subareas was planimetered. A representative 
diversion point at each of the su bareas was identified and the length 
of the channel section from the pump to the diversion point was 
measured using a curvimeter. The average channel length was then 
ca lculated using the relation: 
n a. 
I li l 
XL i=1 
qi [38] n a. 
I l i=l qi 
where XL is the average length of the channel ; li is the length of 
the channel section from the pump to the diversion point of the 
su barea, i· ai is the size of the subarea, i; n is the total 
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number of subareas; and qi is the available discharge at the diversion 
point and can be obtained by: 
l. 
q i = QD - ( CL) ( 1 ;0 ) [39] 
where Q0 is the pump discharge and CL is measured conveyance loss in 
liter per second per 100m. The conveyance efficiency was then 
determined by using Equation [30] . 
Application Efficiency . --The application efficiency of the 
individual wheat plots was determined by : 
E = Ws x 100 
a wd [40] 
where Ea is the application efficiency; Ws is the average depth of 
water stored in the root zone soil; and Wd i s the average depth of 
water delivered to the plot. The vo lume of water delivered was 
calculated from flow versus time data using a micro computer (Apple 
II). The volume was then divided by the measured area to get the 
av~rage depth. The average depth of water stored in the root zone 
soil was determined by the relation: 
where Ws is the average depth of water stored within the root zone; 
Pb is the average bulk density of the soi l ; e is the soil moisture 
~ 
content within the depth increment, i; ~ is the thicknes s of the 
depth increment, i; n is the number of depth increments in the root 
zone; and 1 and 2 refer to before and after irrigation, respectively. 
An effective root depth of 75 em was used in calculating the 
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application efficiency . However, for few measurements samplings 
were done only up to 50 em. App li cation efficiencies based on both 
50 and 75 em root depth were calculated for the plots where samples 
were collected up to 75 em. It was found that a high correlation 
exists between them (Fig. 16). The resulting regression equation was 
used to estimate the application efficiencies based on 75 em root 
depth for the plots where samples were col lected only up to 50 em. 
An average application efficiency for the system was estimated 
by 
[42] 
where Ia is the average application efficiency; PAi i s the proportion 
of the command area for which the plot, i, is representative; Eai 
is the measured application efficiency of the plot, i; and n is the 
number of plots in the command area where measurements were taken. 
Overall Irrigation Efficiency.--The overa ll irrigation efficiency 
of the system was determined by: 
ET + P - Re 
Ei w X 100, for rice area [43] p 
ET - R - LlSW 
£. = e x 100, for wheat area [44] 
1 wP 
where Ei is overall irrigation efficiency; ET is the total estimated 
crop evapotranspiration, mm; P is the tota l percolation loss, mm; Re 
is effective rainfall, mm; LlSW is the soil moisture depletion, mm; 
and Wp is the total depth of water pumped, mm. 
In this study the potential evapotranspiration of the reference 
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crop was estimated from the daily weather data during the observation 
period using Penman combination equation modified by Doorenbos and 
Pruitt (18). The reference crop ET was then converted into crop ET 
by using appropriate crop coefficient. Observed wind speed data for 
Thakurgaon area were not ava il able. The required data were 
estimated using Joydebpur data and the ratio of normal wind speed of 
Dinajpur to those of Dhaka (50). The comparison of weekly average 
values of reference crop evapotranspiration, calculated by the 
Penman combination equation, with those obtained from pan evaporation 
data for Joydebpur and Thakurgaon is shown in Fig. 17. The figure 
shows that the values obtained by using the Penman combination 
equation are inconsistently different from those estimated from pan 
evaporation data. This can be attr ibu ted to the poor quality of pan 
evaporation data. Estimation of some of the weather parameters 
used in the Penman combination equation might be partly responsible 
for those discrepancies. An average percolat i on rate of 2 and 3 
mm per day was used for silty clay and silt loam soil, respectively. 
No intense rainfall occurred during the observation period and all 
the observed rainfall were assumed effective. For wheat land the 
beginning and ending depletions were assumed to be 0 and 50 percent, 
respective ly. The total depth of water pumped was determined from 
the operating hours and average pump di scharge during the observation 
period. 
Unit Irrigation Efficiency . --The unit irrigation efficiency was 
estimated from the average conveyance efficiency and overall 
efficiency using the relation: 
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Pumping Plant Efficiency.--The overall efficiency of the 
pumping plant was determined by : 
(Q0) (H) 
76 ( IHP) (lOO) [46] 
where Ep is the overall pumping plant efficiency; Q0 is the pump 
discharge, liter per second; H is the total dynamic head, equal to 
the sum of static head and drawdown at the tubewell, m; and IHP 
is the input horsepower. The input horsepower was calculated from 
the energy consumption data by the relation: 
IHP (55)(CF), 
IHP K/(0.746), 
for diesel engine 
for electric motor 
[47] 
[ 48] 
where CF is the fuel consumption rate, U.S. gallon per hour; K i s 
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the power consumption rate, kilowatt hour per hour; 55 and 0.746 are 
the conversion factors . The measured data on depth to static water 
table and drawdown were co llected from BADC and BWDB local offices. 
RESU LTS AND DISCUSSION 
Operational Status of the Study 
Deep Tubewells 
Tables 4 and 5 show the pump operational status and other 
physical characteristics of the study deep tubewells in Dhamrai 
and Thakurgaon areas, respectively. The measured pump discharge 
of the study deep tubewells in Dhamrai area varied from 35.6 to 
59.3 liters per second compared with the design discharge capacity 
of 56.6 liters per second. However, three out of the five study 
tubewells delivered water at the rate very close to the design 
capacity. Table 5 reveals that the measured flow rate of the 
Thakurgaon study tubewells ranged from 75 to about 100 percent of 
the recorded rated capacity. Measurements on deep tubewell number 
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123 indicated a discharge capacity of 75.6 liters per second, but the 
pump test results showed the rated capacity of 56.6 liters per second. 
Recent BWDB records on that tubewell revealed a discharge capacity 
of 70.8 liters per second. Despite this discrepancy, the actual 
discharge of most of the deep tubewells are substantially lower than 
the design or the rated capacity. Decrease in specific yield of the 
aquifer, improper design and/or installation of the tubewell, partial 
clogging of the strainer and nonoptimal pump operating speed could 
be among the factors responsible for these low discharges. The actual 
discharge of the deep tubewell pumps has a major influence on the 
command area and, hence, an investigation should be undertaken to 
clearly identify the problems associated with these low discharges. 
TABLE 4.--Physical Characteristics and Operational Status of the Deep Tubewell Irrigation Systems 
Studied in Dhamrai Area, Dhaka, Bangladesh, 1982-1983 Dry Season 
Area Irrigated PumQ OQeration 
Days of Total Average 
Farm Per Unit Days of Actua 1 Hours of Daily 
Scheme Soil Ditch Measured of Pump Observa- Opera- Opera- Opera-
Name Type Density Crop Discharge Total Discharge tion tion tion tion 
(m/ha) (1/s) (ha) (ha/1/s) (hrs/day) 
( 1) (2) (3 ) (4) (5) (6) (7) (8) (9) (10) (11) 
Bartabil-1 Silty clay 132.4 Rice 35.6 22.8 0.64 107 100 1359.9 12.7 
Beleswar-2 Si lty clay 153.5 Rice 59.3 16.9 0.28 80 53 602.0 7.5 
Dautia-5 Silt loam 103.9 Rice 51.4 23.0 0.45 101 92 1429.5 14.2 
Demran Silty clay 61.9 Rice 47.7 62.7 1.31 85 72 1389 .5 16.3 
Joypura-2 Si lt loam 114.0 Rice 55.2 19.2 0.35 100 88 1359.0 13.6 
(X) 
N 
TABLE 5.--Physical Characteristics and Operational Status of Deep Tubewell Irrigation Systems Studied 
in Thakurgaon Area, Dinajpur, Bangladesh, 1982-1983 Dry Season 
Farm Ditch 
Density 
(m/ha) Irrigated Area Pum~ O~eration 
Total Total Average 
Days of Hours Daily 
Deep Per I rri ga- Actual of Operat-
Tubewell Soil Measured Unit of tion Opera- Opera- i ng 
No. Type Lined Earth Discharge Wheat Vegetables Total Discharge Season tion tion Hours 
( l/s) (ha) (ha) ( ha) (ha/l/s) (days) 
( 1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
BWDB 47 Sandy loam 40.1 115.7 88.6 14.2 0.8 15.0 0.17 74 54 267.8 3.6 
BWDB 116 Sandy loam 51.5 103 .0 88.5 12.6 0.4 13.0 0.15 60 39 215.4 3.6 
BWDB 120 -- 65.4 145.6 86.8 9.3 0.0 9.3 0.11 89 45 207.4 2. 3 
BWDB 123 Loam 19.3 78.8 75.6 26.9 1.5 28.4 0.38 101 74 434.4 4.3 
BWDB 124 Loam 43.7 168.0 94.0 12.6 0.0 12.6 0.13 61 33 183.5 3.0 
BWDB 138 -- 50.3 171.2 88.3 8.1 0.4 8.5 0.10 85 42 137.6 1.6 
co 
w 
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Table 4 delineates that in four out of the five irrigation 
systems, the command areas varied from 0.28 to 0.64 ha per liter per 
second of the pump discharge. The command area (1.31 ha per liter 
per second) in Demran seems to be abnormally high. This may be 
because of high pump operating hours, low seepage and percolation 
losses, or other unaccounted sources of water. The wide range in 
command areas of the systems having similar agro-climatic conditions 
can be attributable to the variation in pump operating hours and/or 
quality of water control and management level. Table 5 indicates that 
the command areas of the systems studied in Thakurgaon area ranged 
from 0.10 to 0.38 ha per liter per second of the pump discharge. 
The se low command areas are mostly due to low pump operating hours. 
The average daily pump operation in the Dhamrai study deep 
tubewell areas varied from 7.5 to 16.3 hours. The low operating 
hours in Beleswar-2 area was mainly due to shortage of fuel supply. 
The average durations of the pump operation of Dautia, Demran, and 
Joypura deep tubewells were comparatively high . This was because 
the tubewells were included within the CARE Rehabilitation Program 
and had assured fuel supply and quick repair and maintenance 
services. The overall duration of pump operation of those tubewells 
were lower than the potential mostly because of some rainfall which 
occurred during the observation period. The average pump operating 
hours of the study tubewells in Thakurgaon area were extremely low 
(1.6 to 4.3 hours per day ) . Lack of farmers' demand, frequent 
breakdown in the supply of electricity and nonattendance of the pump 
operation in the field were the causes of these low operating hours. 
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The density of channels which is the length of the channels 
per unit of irrigated command area of Dhamrai deep tubewell systems 
varied from 61.9 to 153.5 m per ha. The channel density of Demran 
was very low compared to other areas, because the location of the 
pump is near the center (Fig. 29, Appendix I) and the favorable 
topography coup led with low seepage and percolation loss allow plot 
to plot distribution of water . The density of the main channel and 
field channels in the Thakurgaon study tubewell areas ranged from 
19.3 to 65.4 m per ha and 78.8 to 171.2 m per ha, respectively. The 
high channel densities are due to the scattering of the irrigated 
fields (Fig. 31 to 36, Appendix I). 
Other System Performance Parameters 
Conveyance Losses and Estimated Conveyance Efficiencies.--The 
average conveyance losses and the estimated conveyance efficiencies 
of the delivery channels in the study deep tubewell systems in 
Dhamrai and Thakurgaon area are presented in Tables 6 and 7, 
respectively . Measured field data and detailed calculations are 
shown in Tables 19 and 20, Appendix II. Table 6 reveals that the 
conveyance losses varied from 5.2 to 6.2 li ters per second per 100 
m. These high losses were mostly due to seepage through cracks and 
rodent holes in the banks, l eakage through poorly plugged outlets, 
and spil l age. Since the channel passed through the paddy area, all 
of the seepage water was not lost in the rice irrigated area and 50 
percent of the measured value was assumed as net losses in estimat-
ing the conveyance efficiencies. The mean conveyance losses in the 
TABLE 6.--Conveyance Losses and Estimated Conveyance Efficiencies of the Deep Tubewell Irrigation 
Systems Studied in Dhamrai, Dhaka, Bangladesh, 1982-1983 Dry Season 
Average Average Assumed 
Length of Steady Gross Net Estimated 
Measured Channel State Conveyance Conv5yance Conveyance 
Scheme Name Di sc harge Used Loss Loss Loss Efficiencies 
(1/s) (m) (1/s/ 100 m) (1/s) a (1 /s) (%) (1) (2) (3) (4) (5) (6) (7) 
Bartabil-1 35.6 402.8 5 . .4 22.8 11.4 68 
Be 1 eswa r- 2 59.3 413.0 6.2 26.9 13.5 77 
Dautia-5 51.4 502.6 5. 2 27.4 13.7 73 
Demran 47.7 400.5 5.9 24.8 12.4 74 
Joypura - 2 55.2 531.5 6.2 34.6 17.3 69 
--
aSteady State loss was adjusted by a factor of l.D5 to account for transitional losses 
bHalf of thesteady state loss is assumed to be available in the field 
co 
"' 
TABLE 7 .--Conveyance Losses and Estimated Conveyance Efficiencies of the Deep Tubewell Irrigation 
Systems Studied in Thakurgaon Area, Dinajpur, Bangladesh, 1982-1983 Dry Season 
Average Length of the Farm Average Steady State Loss 
Ditch Used (m) (l / s/ 100 m) 
Measured Conveyagce Conveyance 
Deep Tubewell Discharge Lined Earth Lined Earth Loss Efficiency 
( 1 / s) ( 1 / s) (%) 
( 1) (2) (3 ) (4) (5) (6) (7) (8) 
BWDB 47 88 . 6 149.6 190.5 2.6 6.8 18.5 79 
BWDB 116 88.5 278.0 81.2 2.6 5.0 12.4 86 
BWDB 120 86.8 152 . 2 81.4 2.8 7.7 11.6 87 
BWDB 123 75.6 363.3 127.0 1.9 10.0 21.6 71 
BWDB 124 94 .0 269.0 111.0 5.4 5.8 23.1 75 
BWDB 138 88.3 11 2.8 136.3 4.5 11.3 22.5 75 
aSteady state loss was adjusted by a factor of 1.1 t o account for transitional losses 
co 
.._, 
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raised brick lined main channel and field channels of the Thakurgaon 
deep tubewell systems ranged from 1.9 to 5.4 liters per second per 
100m and 5.0 to 11.3 liters per second per 100m, respectively. 
Indeed, the losses in both the lined and earth channels were very 
high. The main channels were lined by placing one layer of brick 
on consolidated soils and filling the joints with cement mortar 
with flush-point finish. But due to the lack of regular and 
proper maintenance, frequent cracks and holes were observed through 
which considerable leakage occurred . The measured losses also 
include the leakages through the poorly sealed outlets. The outlets 
were supposed to be closed by wooden fall boards. But most of those 
fall boards were missing and the outlets were closed by earth or 
dirt which did not always provide satisfactory closures. The high 
conveyance los ses in the earthen field channel s were due to seepage 
through the porous, thin and weak banks and leakage through the 
poorly sea led outlets. Repair of the main channels, improvement of 
the earth channels through reshaping, strengthening and compacting 
the channel banks together with regular and proper maintenance can 
cons iderably reduce the conveyance losses. 
The average conveyance efficiencies of the delivery channe ls 
were estimated from the measured conveyance losses and the average 
length of the channel used. The average l ength of the channel was 
estimated using the procedures outlined in the preceding chapter. As 
indicated in Tables 6 and 7, the conveyance efficiencies of the main 
and field channels in Dhamrai and Thakurgaon tubewell systems varied 
from 68 to 77 percent and 71 to 87 percent, respectively. 
Overall Irrigation Efficiencies.--The overall irrigation 
efficiencies along with other performance parameters of the deep 
tubewell irrigation systems studied in Dhamrai and Thakurgaon area 
89 
are presented in Tables 8 and 9. The overall irrigation efficiencies 
of four out of the five rice irrigation systems studied in Dhamrai 
area ranged from 34 to 51 percent. The corresponding value obtained 
for Demran seems to be very high (85 percent). The possible reasons 
were discussed previously. The overall irrigation efficiencies of 
the wheat irrigation systems studied in Thakurgaon varied from 22 to 
30 percent. The variation in the overall irrigation efficiency among 
the comparable systems was attributable to the difference in the 
quality of water control and management level. In general, the overall 
irrigation efficiencies of rice irrigation systems were found to be 
higher than those of wheat irrigation systems. This may be because 
deep percolation was considered as a water loss in the wheat growing 
area while in the rice cropped area the percolation loss under 
appropriate on-farm management was treated as a component of the total 
beneficial water requirement. 
Unit Irrigation Efficiencies.--The unit irrigation efficiency 
describes the efficiency of water use after it is diverted from the 
main or the field channel. The unit irrigation efficiencies of four 
out of the five rice irrigation systems studied in Dhamrai area 
varied from 49 to 75 percent (Tab le 8). The value of the parameter 
obtained for the other system (Demran) was (115 percent ) questionable 
and thus, disregarded. The corresponding values for the wheat 
irrigation systems studied in Thakurgaon area varied from 25 to 35 percent. 
TABLE B.--Performance of the Deep Tubewell Irrigation Systems Studied in Dhamrai (Rice) Area, Dhaka, 
Bangladesh, 1982-1983 Dry Season 
Depth of Overall Unit 
Name of Evaluation Estimated Effective Water Irrigation Irrigationb 
Scheme Period ET Percolation Rainfall Pumped Efficiencya Efficiency 
(mm) (mm) (mm) (mm) (%) (%) 
( 1) (2) (3) (4) (5) (6) (7) (8) 
Bartabil-1 Feb 6-Apr 25 381 158 251 562 51 75 
Bel eswa r-2 Feb 10-Apr 8 264 116 145 512 46 60 
Oautia-5 Feb 8-Apr 29 401 243 260 961 40 55 
Demran Feb 7-Apr 5 253 116 145 263 85 
Joypura- ~ Feb 7-Apr 28 398 246 251 1168 34 49 
aColumn 7 = (Column 3 +Column 4 - Column 5)/Column 6 
bColumn 8 = Column 7 divided by estimated conveyance efficiency (fraction) 
<0 
0 
TABLE 9.--Performance of the Deep Tubewell Irrigation Systems Studied in Thakurgaon (Wheat) Area, 
Dinajpur, Bangladesh, 1982-1983 Dry Season 
Net Conveyance 
Deep Soil Depth of Overa 11 Unit Average Loss 
Tubewell Evaluation Estimated Effective Moisture Water Irrig. Irrig. Appl. '.-l ithin the 
No. Period ET Rainfall Depletion Pumped Eff. Eff. Eff. Unit Area 
(mm) (mm) (mm) (mm) (%)a (%)b (%) (%)c 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
BWDB 47 Dec 13-Apr 3 201 33 45 569 22 27 38 29 
BWDB 116 Dec 16-Apr 7 211 9 45 528 30 35 49 29 
BWDB 120 Dec 12-Apr 6 206 9 45 695 22 25 32 22 
BWDB 123 Dec 2-Apr 2 193 33 60 417 24 34 58 41 
BWDB 124 Dec 8-Apr 5 202 33 60 495 22 29 64 55 
BWDB 138 Dec 6-Apr 1 194 18 60 515 23 30 52 42 
aColumn 7 ; (Column 3 - Column 4 - Column 5)/Column 6 
bColumn 8 ; Column 7 divided by estimated conveyance efficiency (fraction) 
cPercent of the water delivered into the unit area as estimated from the unit irrigation efficiency 
and the average application eff iciency 
<D 
Application Efficiencies.--As evident from Table 9, the 
average application efficiencies in the irrigated wheat area in 
Thakurgaon study systems varied from 32 to 64 percent. Field 
measured data and detailed calculations are included in Table 21, 
Appendix II . Farmers in that area apply water into the small 
parcel of lands using basin irrigation. Even though the basins 
were small, some of them were not level and farmers were found to 
apply more than 20 em (Table 21, Appendix II) of water to cover 
the hi gher sections. Farmers did not use any scientific basis to 
determine the time of irrigation and they were found to irrigate 
their lands even though the soil moisture content was high. Thus, 
the low application efficiencies are mostly due to lack of level ing 
in the field and farmers' limited knowledge of when and how much 
water to apply . 
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Conveyance Losses Beyond the Field Channel.--Due to the la ck of 
a complete distribution network, farmers usually deli ver water to the 
individual fields using plot-to-plot flow. This may be acceptable in 
rice growing areas where the percolation rate is low, but is a waste-
ful method in a wheat growing area, especially where the soil is 
light-textured. An attempt to estimate the conveyance losses beyond 
the field channels in Thakurgaon tubewell areas, revealed that about 
22 to 55 percent of the water diverted from the channels was wasted in 
that section (Table 9) . The l arge variat ion of these losses among the 
deep tubewells are due to differences in existing plot channel 
density. 
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Efficiency of the Pumping Plants.--The overall efficiency of the 
pumping plant was determined from pump discharge, depth to static 
water table, drawdown and power or fuel consumption data. The basic 
data along with the pumping plant efficiency of the study deep tube-
wells in Ohamrai and Thakurgaon areas are presented in Tables 10 
and 11, respectively. The overall efficiencies of the pumping plants 
driven by diesel engine in Dhamrai area varied from 11 to 13 
percent. The corresponding values for electrically driven pumping 
plants in Thakurgaon area ranged from 37 to 50 percent. 
Model Verification 
In order to check the goodness of fit of the model, the model 
predicted command area of each of the study deep tubewells under 
existing conditions was compared with the actual value (Fig. 18). 
As evident · from the figure, the model predicted command area of 
most of the deep tubewells is in close agreement with the actual 
value. The command areas under existing conditions were determined 
from: (a) weather, soil, and farming activity data; (b) recorded 
peak rotational pump operating hours; (c) measured pump discharge; 
(d) average conveyance losses; and (e) unit irrigation efficiency 
estimated from the water balance for the season or observation period. 
The model computed the command area from the predicted peak 
demand and available supply based on the actual pump discharge and 
peak operating hours. The implied assumption was that the peak 
operating hours would occur during the period of peak demand. But 
in reality, farmers did not use any scientific basis to schedule 
irrigation. Consequently, the occurrence of peak operating hours in 
TABLE 10.--f'erfonnance of the Pumping Plants of the Deep Tubewell Irrigation Schemes Studied in 
Dhamrai, Dhaka, Bangladesh, 1982-1983 Dry Season 
Scheme 
~a me 
Power 
Source 
Measured 
Discharge 
(1 /s) 
Average 
Depth to 
Static 
Water 
Table 
(m) 
Total 
Dynamic 
Drawdown Head 
(m) (m) 
Water 
Horse 
Power 
(hp) 
Energy 
Consumption 
Rate 
(gal/hr-
KWH/hr) 
Input 
Horse 
Power 
Overa 11 
Efficiency 
(%) 
(1) (2) (3) (4) (5) (6) (7) (R) (9) (10) 
Bartabil-1 Diesel 35.6 4.02 1.86 5.88 2.75 0.45 24.75 11 
Be 1 eswar-2 Diesel 59.3 4.05 4.11 8.16 6.37 1.00 55.00 12 
Dautia-5 Diesel 51.4 3.20 4.78 7.98 5.40 0. 73 40.15 13 
Demram Diesel 47.7 5. 27 4. 94 10. 21 6.41 1.04 57.20 11 
Joypura -2 Electricity 55.2 5.18 5.36 10.54 7.65 n.a.a 
--
a n.a. = not available 
"' ... 
TABLE 11.--Performance of the Pumping Plants of the Deep Tubewell Irrigation Schemes Studied in 
Thakurgaon Area, Dinajpur, Bangladesh, 1982-1983 Dry Season 
Depth to 
Deep Static Total Water Energy 
Tubewel l Power Measured Water Dynamic Horse Consumption Input Overa 11 No . Source Discharge Table Drawdown Head Power Rate HP Efficiency 
( 1/s) (m) (m) (m) (hp) (KWH/hr) (%) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
BWDB 47 Electricity 88.6 4. 27 8 .53 12 .80 14.92 n.a.a 
BWDB 116 Electricity 88 .5 4.57 7.01 11.58 13 .48 24. 08 32.28 42 
BWDB 120 Electricity 86 .8 4.21 9.51 13.72 15.67 24.83 33 . 28 47 
BWDB 123 Electricity 75.6 4. 15 10.52 14.67 14.59 29.83 39.99 37 
BWDB 124 Electricity 94.0 4. 15 4.91 9.06 11.21 16.65 22.32 50 
BWDB 138 Electricity 88.3 4.02 7.07 11.09 12.88 20.80 27.88 46 
an . a. = not available 
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Without Any Adjustment 
97 
the majority of the study deep tubewell areas did not match with that 
of the demand. ~1oreover, the unit irrigation efficiency during the 
peak period might be considerably different from the estimated 
seasonal value. The model was used to determine the unit irrigation 
efficiency during the peak period to match the predicted command area 
with the actual value. The recorded pump operating hours during the 
period of peak demand was used in that analysis. Results are 
presented in Table 12. The adjusted unit irrigation efficiencies 
of some systems in Thakurgaon (wheat) area were found to be consider-
ably higher than the estimated average values. This might be because 
the whole command area was not irrigated during the peak period which 
was found to occur at the end of the irrigation season. The model 
was also used to check the improvement of the fit of predicted 
command area with the actual value using the recorded peak operating 
hours and adjusting the average unit irrigation efficiency up to 
± 10 percent (Fig. 19). It was found that the fitness for the deep 
tubewells showing considerable discrepancy between the model predicted 
and actual command area before the adjustment did not improve signi-
ficantly. The values of unit irrigation efficiencies were adjusted 
to match the model predicted command area with the actual values 
using recorded peak operating hours. Results are included in the 
same table. It was found that the adjusted unit irrigation 
efficiencies for those deep tubewells were significantly different 
from the values obtained from the water balance (Table 12) . Thus, 
to determine the impact of an improvement option on command area 
expansion, the value obtained under existing conditions without any 
adjustment was used as the basis for comparison . 
TABLE 12.--Adjustment of Unit Irrigation Efficiency to Match the Model Predicted Command Area With 
the Actual Value 
01 02 03 04 
( 1) (2) (3) (4) (5) 
Average Seasonal Eub 75 60 55 115 
Adjusted Eu to 85 60 69 135 
match predicted CAc 
us ing recorded 
operating hours 
during the period 
of peak demand with 
actua 1 CA 
Adjus ted Eu to 85 57 58 130 
match predicted CA 
us ing peak 
operating hours 
with actua 1 CA 
aSee Table 13 for code identification 
bEu = Unit irrigation efficiency in percent 
cCA = Command area in hectare 
Studt Dee~ Tubewellsa 
o5 T1 T2 T3 T4 T5 T6 
(6) (7) (8) (9) (10) (11) (12) 
49 27 35 25 34 29 30 
55 47 28 25 56 58 34 
48 24 28 15 56 28 28 
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TABLE 13.--Coding of the Study Deep Tubewell Systems 
Scheme Name Code Used 
( 1) (2 ) 
Bartabil - 1, Dhamra i D1 
Beleswar-2, Dhamrai D2 
Dautia-5, Dhamrai 03 
Demran, Dhamra i D4 
Joypura-2, Dhamrai DS 
BWDB 47, Thakurgaon Tl 
BWDB 116, Thakurgaon T2 
BWDB 120, Thaku rgaon T3 
BWDB 123, Thakurgaon T4 
BWOB 124, Thakurgaon T5 
BWDB 138, Thakurgaon T6 
Prediction of Command Area Under 
Various Improvement Options 
The developed model was used to predict the command area of 
the study deep tubewells under various improvement options. The 
improvement alternatives considered in this study, for Dhamrai 
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area, are: (a) improvement of earth channels; (b) thin layer brick 
lining of the channels; (c) improvement of the on-farm water manage-
ment practices; (d) increasing the duration of pump operation up to 
90 percent of the possible value during the peak period; (e) improve-
ment of the earth channels combined with improved on-farm water 
management; and (f) improvement of earth channels, improved on-farm 
water management and increasing operating hours up to 90 percent of 
the possible value during the peak period. The improvement options 
considered for Thakurgaon area are : (a) repair of the brick lined 
main channel and improvement of earthen field channels; (b) improve-
ment of the main and lining of field channels; (c) farmers' 
construction and maintenance of plot channels; (d) improvement of 
main and earth field channels combined with farmers' construction of 
plot channels; (e) farmers' construction and maintenance of plot 
channels combined with improved on-farm water management; (f) increas-
ing the duration of pump operation; (g) improvement of the main and 
field channels, construction of plot channels and improved on-farm 
water management; (h) improvement of the main and field channels and 
construction of the plot channels combined with improved on-farm water 
management and land leveling; and ( i) same as (h) plus increasing 
duration of pump operation up to 8 hours a day and 5 days a week. 
As mentioned earlier, prediction of command area involves 
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estimation of conveyance losses which requires a functional relation-
ship between average channel length and command area. Thus, the 
relationship was developed for each of the study deep tubewells 
before using the model. A number of concentric circles were drawn 
on the map used in determining the average channel length, with the 
tubewell as center. The command area and the corresponding average 
channel length were determined for each group of the diversion 
points enclosed by the successive circles. Multiple regression 
analysis was used to determine the functional relationship. The 
relationship is graphically presented in Figs. 20 and 21, and the 
results of the regression analysi s are summarized in Table 14. 
The input data used for Dhamrai area (rice) were : (a) weather 
data for the study period collected from the weather station at 
Bangladesh Rice Research Ins.titute, Joydebpur which is about 30 to 
40 kilometers from the study area; (b) average length of the growing 
season--transplanting to physical maturity is 120 days; (c) estimated 
land preparation requirement during the first rotation for s ilty 
clay and silt loam soils are 110 mm and 120 mm, respectively; 
(d) crop coefficient curve developed by Kaewkulaya (44 ); (e) perco-
lation rates for silty clay and silt loam soils in the area are 2.0 
and 3.0 mm per day; (f) minimum allowable soil moisture is the field 
ca pacity; (g) maximum depth of water that can be stored in the paddy 
is 100 mm; (h) length of land preparation period is two weeks; 
(i) duration of land soaking period within the command area is six 
weeks; (j) rotation intervals for silty clay and silt loam soils are 
10 and 7 days, respectively; (k) land preparation progress curve 
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TABLE 14.--Functional Relationship Between Average Length of the Channel Used and Command Area of 
the Study Deep Tubewells 
Polynomial Constants 
Scheme Name co C1 C2 C3 / 
1 (2) (3) (4) (5) (6) 
Bartabil-1, Dhamrai - 65.21 55.91 -2 .65 4.84 X 10- 2 0.999 
Beleswar-2, Dhamrai 65.82 25 .41 -0.38 2.37 X 10-3 0.999 
Dautia-5, Dhamrai 139.27 14.43 -- -- 0.998 
Demran, Dhamra i -132.02 21.87 -0 .41 3. 20 X 10-3 0.999 
Joypura-2, Dhamrai 24.54 23.91 -- -- 0.992 
BWDB Deep Tubewell No. 47 16.81 18.78 -- -- 0.997 
BWDB Deep Tubewell No. 116 - 16 .05 29.65 -- -- 0.997 
BWDB Deep Tubewell No . 120 100.01 10.92 -0.10 -- 0.962 
BWDB Deep Tubewell No . 123 49.92 25 .24 -0.18 -- 0.997 
BWDB Deep Tubewell No. 124 63.64 24.93 -- -- 0.997 
BWDB Deep Tubewell No. 138 80.07 17. 59 -- -- 0.980 
..... 
0 
<.n 
based on optimum canal capacity developed by Kaewkulaya (44); and 
(1) the measured pump discharge. 
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The values of the other parameters used to predict the command 
area both under existing and modified conditions are included in 
Table 22, Appendix III. A sample computer output along with the 
output data are shown in Table 32 and Table 33, Appendix V, and a 
summary of the results is presented in Table 15. 
The following specific input data were used in applying the 
model for Thakurgaon area (wheat): (a) weather data recorded in 
the study area; (b) the average length of the growing season for 
wheat grown i n the area i s 120 days; (c) the last irrigation occurs 
40 to 45 days before planting; (d) effective cover and maximum root 
depth occur about 60 days after planting; (e) the beginning and 
maximum root depths are 15 and 75 em, respectively; (f) management 
allowable depletion is 50 percent; (g) crop coefficient curve developed 
by using the procedures proposed by Doorenbos and Pruitt (18); 
(h) availab le water holding capacities for sandy loam and loam soils 
in the area are 0.12 and 0.16 em per em, respectively; (i) beginning 
soil moisture is at the field capac ity; (j) the rotation interval for 
sandy loam and loam soils are 15 and 20 days, respectively; and 
(k) the measured pump dis charge. 
A predicting model was developed using a step wise mu lti pl e 
regression analysis in order to estimate the application efficiencies 
under better on-farm water management. In that analysis available 
soil moisture storage in the root zone prior to irrigati on, average 
depth of water applied and flow rate per unit of area were used as 
TABLE 15.--Expected Command Area in Hectares, Under Different Improvement Alternatives, of the 
Study Deep Tubewells in Dhamrai, Dhaka, Bangladesh, 1982-1983 Dry Season 
Scheme Name 
Improvement Type Bartabil-1 Beleswar-2 Dautia-5 Demran Joypura-2 
(1) (2) (3) (4) (5) (6) 
1. Existing Condition 
Model Predicted 20.3 17.9 21.8 57.6 19.6 Actual 22.8 16.9 23.0 62.7 19.2 
2. Improvement of earth 
channel sa 
25.3 21.2 25 . 5 67.9 24.2 
3. Single layer brick lininga 28 .2 22.7 27.8 74.0 26.7 
4. Improving Rn-farm water 22.4 23.6 30 . 6 -- 28.5 
management 
5. Improvement of earth channel 28.0 29.5 37.5 -- 39.1 
and improved on-farm water 
managementa 
6. Improved earth channel 33. 3 59.6 40.1 -- 41.4 
improved on-farm water 
management and increased 
operating hours 
-0 
" 
TABLE 15.--Continued 
Improvement Type 
( 1) 
7. Increasing pump operating 
hours up to 90 percent of 
the possible value during 
the peak peri ad 
Ba rtabi 1-1 
(2) 
23.8 
Beleswar-2 
(3) 
33.4 
Scheme Name 
Dautia-5 
(4) 
23.1 
aBased on recorded peak operating hours (Table 22, Appendix III) 
Demran 
(5) 
Joypura- 2 
(6) 
20.5 
..... 
0 
():) 
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independent parameters. The resulting regression equation is: 
3 2 -2 2 Ea = 173.9 + 2.69 x 10- x1 x2 - 8.62 x2 - 1.19 x 10 x1 
(r2 = 0.913 n = 27) [49] 
Where Ea is the application efficiency, percent; x1 is the available 
soil moisture storage prior to irrigation, percent; and x2 is the 
average depth of water applied, em. The regression equation [49] 
was applied to predict the average application efficiencies that 
would result from the same depths of water applied and 50 percent 
soil moisture depletion prior to each application. Those values were 
used to specify the parameters under improved on-farm water manage-
ment. 
The values of other parameters used under existing and modified 
conditions are presented in Table 23, Appendix III. The results are 
summarized in Table 16. 
Table 15 indicates that the command area can be increased by 
about 20 percent through improving the existing earth channels. 
Brick lining of these channels would further increase the command 
area by about 10 to 12 percent, but it might not be economically or 
financially justified. Improvement of the quality of water control 
and proper irrigation scheduling showed about 30 to 40 percent 
increase in command area for deep tubewells Beleswar-2, Dautia-5 
and Joypura-2. Similar improvement in Bartabil-1 indicated only 10 
percent increase in command area. This is because the present 
performance level of Bartabil-1 deep tubewell is already high. 
Increasing the pump operating hours up to 90 percent resulted 
TABLE 16.-- Expected Command Area in Hectares, Under Different Improvement Alternatives, of the 
Study Deep Tubewells in Thakurgaon, Dina j pur, Bangladesh, 1982- 1983 Dry Season 
Deep Deep Deep Deep Deep Deep 
Tubewell Tub ewe 11 Tubewell Tubewell Tubewell Tub ewe 11 Improvement Type No. 47 No. 116 No. 120 No. 123 No. 124 No. 138 
( 1) (2) (3) (4) (5) (6) (7) 
l. Existing conditions: 
Model Predicted 16.4 15.8 14 . 7 18.8 13 . 1 8. 9 Actua 1 15 .0 13.0 9.3 28.4 12.6 8.5 
2. Improvement of the main 19.7 17 .3 
and field channela 
16.2 22.7 15.9 11.4 
3. Improvement of main 21.2 18.9 16.9 25.4 17.1 11.9 
channel and lining of 
fie ld channela 
4. Farmers' extens i on or 19.9 19.1 16.8 25 . 7 21.1 13.0 
construction and main-
tenance of plot channela 
5. Farmers' construction 24.3 21.3 
and maintenance of plot 
18.7 33.5 29.9 17.4 
channel and improved 
main and field channela 
6. Farme rs' construction 26 .4 21.8 28.5 31.1 23.3 16.8 
and maintenacne of plot 
~~~~~~ !~~e~e~!~~gementa ~ 0 
TABLE 16.--Continued 
Deep Deep Deep Deep Deep Deep 
Tubewell Tub ewe 11 Tub ewe 11 Tub ewe 11 Tub ewe 11 Tub ewe 11 
Improvement Type No. 47 No. 116 No. 120 No. 123 No. 124 No . 138 
( 1) (2) (3) (4) (5) (6) (7) 
7. Improved channels and 34.6 25.1 32.9 42.3 34.3 24 . 1 
better on-!arm water 
management 
8. Improved channels, better 47.4 32 .6 45.3 45.2 36.0 25.9 
on-farm water mana~ement 
and land leveling. 
9. Improved channels, better -- 42.8 59 . 2 -- 49 . 3 50.1 
on-farm water management, 
l and leveling and increased 
operating hours up to 
8 hours a day and 5 days 
a week 
10. Increasing operating hours 
up to : 
a. 8 hours/day 5 days/week -- 20.9 18.8 -- 17.4 15.7 
b. 8 hours/ day 7 days/week 21.3 26.8 25.6 24.1 22.2 20.0 
c. 12 hours/day 7 days/week 28.0 34 . 9 36.9 32.4 28.0 25.1 
d. 16 hours/day 7 days/week 33.8 41.3 48.4 39.9 32.3 28.8 
e. 20 hours/day 7 days/week 37.8 46.0 60.0 46.2 35.4 31.5 
aBased on recorded peak operating hours (Table 23, Appendix III) 
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in a substantial increase in command area of deep tubewell Beleswar 
where the average pump operation duration was the lowest. Shortage 
of fuel supply was reported as the major cause for the low operating 
hours. Dautia-5 and Joypura-2 were found to have negl i gib l e increases 
in command area as the peak operating hours were increased up to 90 
percent, because the operating hours in those areas were high. 
Increasing operating hours in the area where pump operation duration 
is low would definitely result in expansion of command area but the 
fuel supply and prompt response to any mechanical failure of the 
engine or pump should be assured. 
Improvement of the overall system resulted in substantial 
increases in command areas ranging from 38 to 99 percent. The large 
variation in these expansions can be explained by the wide range of 
present performance level. The values in the seventh row of Table 15 
essentially indicate the potential command areas. Variation in these 
values is due to differences in actual pump discharge and seepage 
percol ation rate. Table 16 indicates that improvement of the main 
and field channel would increase t he command area by about 10 percent 
for tubewel ls 116 and 120; 20 percent for tubewells 47, 123 and 124; 
and about 30 percent for tubewell 138. The variation in these values 
is mainly due to the difference in present conveyance losses. Lining 
of the field channels along with repair of the lined main channels 
was found to further expand the command area by about 10 percent for 
tubewells 47, 116, 123, and 124 and about 5 percent for tubewells 
120 and 138. The low expansion of command areas of tubewells 
120 and 138 were due to less savings of water from comparatively 
short lengths of channel used. 
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Farmers' construction and maintenance of plot channels resulted 
in an increase of command area by as much as 40 to 60 percent for 
tubewells 123, 124, and 138. Distribution of water to individual 
fields using mostly plot to plot flow in those areas caused consider-
able losses (Table 9) which were greatly reduced by using plot 
channels. A similar improvement in the area of tubewells 47, 116 and 
120 showed a command area expansion of about 15 to 20 percent. This 
is because of relatively low conveyance losses as a result of using 
some existing plot channels in those areas. 
Comparatively high application losses in those areas further 
restricted the expansion. The predicted expansion of command area 
under improved on-farm water management coupled with the use of plot 
channels was about 80 to 90 percent for tubewells 120, 124, and 138. 
The correspondi ng values for tubewells 47, 116 , and 123 were 61, 
38, and 65 percent, respectively. Th e variation in these expansions 
i s mainly due to differences in the values of parameters both under 
existing and modified conditions. Farmers' construction of plot 
channels together with the improvement of main and field channel was 
found to have considerable impact on command area expansion for tube-
wells 123, 124, and 138. This is mostly because of substantial 
amounts of water savings through constructing plot channels. The 
resu lts in Table 16 indicate that the command area of most of the 
tubewells can be increased to as much as twice the present coverage 
or more through improving the channels and proper irrigation 
scheduling. 
Land leveling along with the improvement of distribution 
network and proper irrigation scheduling resulted in substantial 
increases in command area for tubewells 47, 116 and 120. The lack 
of land leveling in these areas caused considerable application 
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losses which was greatly reduced through the improvement. Increasing 
the operating hours to the present provision of 8 hours a day and 5 
days a week, in addition to land leveling, improvement of distribution 
network and proper irrigation scheduling was found to expand the 
command area to about 2.7 to 5.6 times the present value. Land 
leveling has not been considered as an improvement option for rice 
irrigation systems. Reasons were discussed earlier. Increasing 
operating hours up to the present provision for 8 hours a day and 5 
days a week resulted in an increase of command area by about 30 
percent for tubewells 116, 120, and 124; and about 75 percent for 
tubewell 138. Increase of the duration of pump operation up to 20 
hours a day and 7 days a week expanded the command area to 2.3 to 
4.1 times the present coverage. 
It is evident from the above discussion that the impact on 
command area expansion of an improvement option is not the same for 
all the deep tubewells. It depends upon the present performance 
level of the various components of the system. 
Economic Analysis 
An economic analysis was conducted to determine the cost 
effectiveness of most of the improvement alternatives considered in 
this study. Benefit-cost ratio was used as the criterion for 
evaluation. Benefits of the improvements were determined from the 
increase in irrigated area and the change in net return due to 
i rri gati on. Fanners' reported per hectare costs of production and 
net return for irrigated rice and wheat crops grown in Dhamrai and 
Thakurgaon study area, respectively, are shown in Table 26, 
Appendix IV. During the dry season, the lands in Dhamrai area 
usually remain fallow and, hence, the total net return was 
considered as the benefits of irrigation . To derive the benefits 
of irrigating wheat, secondary data on yield and fertilizers used 
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in the non-irrigated area during the study period were collected 
from the office of the Chief Extension Officer, BWDB, Thakurgao~ 
Bangladesh. The costs of other inputs were assumed the same as 
those under irrigated conditions. The costs and return are included 
in the same table. The data on capital cost, expected life and 
maintenance costs for various improvement alternatives considered 
in this study are contained in Tables 28 and 29, Appendix IV. A 
discount rate of 15 percent was used to detennine the annualized 
capital cost. 
The improvement options, except lining of the channel s, were 
highly beneficial in the Dhamrai rice area (Table 17). Sing l e layer 
brick lining in most of the areas resulted in the benefits which 
barely justified the costs. In this analysis the costs were deter-
mined on the basis of present channel density. An optimum layout 
may reduce the density and, hence, the improvement may have higher 
benefit-cost ratio. In three out of the four tubewell areas included 
in the analysis, increa se of pump operating hours was found to give 
t he highest benefit cost ratio. It was followed by the option of 
improving on-fann water management which gave benefit-cost ratios 
TABLE 17.--Benefit-Cost Ratio of Different Improvement Alternatives for the Study Deep Tubewell s 
in Dhamrai, Dhaka, Bangladesh, 1982-1983 Dry Season 
Improvement Type Bartabil-1 Beleswar-2 Dautia-5 Joypura-2 
(1) (2) (3) {4) (5) 
Improvement of earth channelsa 4.00 2.72 3.75 4.47 
Single layer brick lininga 1.03 0.67 1.01 1.13 
Improving on-farm water management 2.41 5.89 6.89 7.42 
Improvement of earth channel and 3.17 4. 15 5.49 6.24 
improved on-farm water management 
Increasing pump operating hours 5.68 6.86 4. 71 7.97 
up to 90 percent of the poss~bl e 
value dur ing the peak period 
aCosts were determined based on existing channel density 
blncrease in operating costs is assumed proportional to increase in peak period operating hours. 
Present operating costs are shown in Table 27, Appendix IV 
>--" 
>--" 
"' 
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ranging from 2.41 to 7.42. The benefit-cost-ratio of the improve-
ment of earth channels combined with improved on-farm water management 
in the four tubewell areas varied from 3.17 to 6.24. Improvement of 
the earth channel alone was found to have benefit cost ratios ranging 
from 2.72 to 4.47. 
The improvement of main and brick lining of the field channel 
in Thakurgaon wheat areas was found to be uneconomical (Table 18). 
Improvement of the main and field channels in those areas had similar 
results except for tubewell area 123 where considerably low channel 
density made the imperovement economically feasible. All other 
improvement options considered in this study were found to be 
economically justified. Farmers' construction and maintenance of 
the plot channe ls along with better on-farm water management was found 
to have the benefit-cost ratios ranging from 2.26 to 3.60. Farmers' 
construction and maintenance of plot channels alone in the six 
tubewell areas gave benefit-cost ratios varying from 1.51 to 3.87. 
The benefit-cost ratio of the improved channels together with better 
on-farm water management varied from 1.22 to 2.27. Land leveling 
along with imp roved channels and on-farm water management in six tube-
wells was found to be economica l with benefit-cost ratios ranging 
from 1.43 to 1.93. 
The option of increasing the duration of pump operation was found 
to be the most economical improvement alternative for all the systems 
studied in Thakurgaon. The benefit-cost ratio, although very 
favorable, was found to decrease as the duration of pump operation 
was increased. This might be because of a disproportionate increase 
TABLE lB.--Benefit-Cost Ratio of Various Improvement Alternatives for the Study Deep Tubewell 
Schemes in Thakurgaon , Dinajpour, Bangladesh, 1982-1983 Dry Season 
Deep Deep Deep Deep Deep Deep 
Tubewell Tub ewe 11 Tub ewe 11 Tub ewe 11 Tub ewe 11 Tub ewe 11 
Improvement Alternatives No. 47 No. 116 No. 120 No. 123 No. 124 No. 138 
(1) (2) (3) (4) (5) (6) (7) 
1. Improvement of the main and 0.75 0.40 
field channela 
0,3g 1.09 0.57 0.64 
2. Improvement of the main and 0.20 0.16 0.11 0.33 0.14 0.15 brick lining of the field 
channel a 
3. Farmers' extension or 2.05 2.02 
construction and maintenance 
1.51 2.94 3.87 3.35 
of p 1 ot channe 1 
4. Farmers' construction and 1.12 0.92 
maintenance of plot channel 
0.69 1.99 1.57 1. 25 
and improved main and field 
channel 
5. Farmers' construction and 2.96 2.26 3.60 3.06 3.32 3.52 
ma intenance of the plot 
channel and better on-farm 
water management 
6. Improved channels and better 1. 71 1.22 1. 75 2.27 1.26 1.56 
..... on-farm water management ..... 
co 
TABLE lB.--Continued 
Deep Deep Deep Deep Deep Deep 
Tubewell Tub ewe 11 Tubewell Tubewell Tubewell Tubewell 
Improvement Alternatives No. 47 No. 116 No . 120 No . 123 No. 124 No. 138 
( 1) (2) (3) (4) (5) (6) (7) 
7. Improved channel , better 1.56 l. 25 1.58 1.93 1.44 1.43 
water management and 
land level ingb 
8. Increasing operating hours 
up to:c 
a. 8 hours a day and -- 7.28 6.69 -- 7.13 5.96 
5 days a week 
b. 8 hours a day and 6.24 5.89 6.63 3.62 6.94 5.67 
7 days a week 
c. 12 hours a day and 5.24 5.36 6.50 3.37 6.22 5.00 
7 days a week 
d. 16 hours a day and 4.85 4.95 6. 50 3.21 5.66 4. 48 
7 days a week 
e. 20 hours a day and 4.41 4.55 6. 50 3.04 5.17 4.05 
7 days a week 
aFor main channel it was assumed that 20 percent of the total length needed thorough repair. Costs for 
field channel improvement were determined based on existing channel density 
bCost of land leveling for tubewell areas 123, 124, and 138 was assumed TK 1000 per ha where the 
predicted attainable appl ication efficiency was in the range of 74 to 76 percent. For other areas 
it was assumed TK 2000 per ha . 
cPer hour operating cost was determined from rate of power consumpt ion (Table 10) and an average 
electri city rate of TK 0.70 per KWH (79) adjusted by a factor of 1.1 to account for maintenance costs. 
The increase in seasona l operating hours was assumed proportional to the increase in peak period 
operating hours. 
~ 
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of water losses associated with the expansion of the command 
area . 
The benefits of all the improvement alternatives shown in 
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Table 18 were derived from irrigated wheat crops only . The physical 
improvements such as channel improvement, and land leveling will 
provide additional benefits from irrigated rice crop grown in the 
area during the wet season. Those benefits could not be considered 
because the irrigation in the wet season is supplemental and the 
data on the irrigation benefits were not available. Improved water 
management and land leveling would increase the yield, but in the 
analysis the average yield obtained in the dry season of 1982-1983 
was used. Thus, the improvement alternatives which are found to be 
uneconomical under the conditions of the analysis may be economically 
justified if all the benefits could be considered . 
Other Uses of the Model 
The model can be used to evaluate the farmers' pump operation 
practices. To demonstrate thi s , the model predicted rotational net 
irrigation requirements to match crop ET were compared with the 
actual depths of water pumped in four selected deep tubewell areas. 
The comparisons are presented in Figs. 22 through 25. It is evident 
from the above figures that the trend of pump operation did not 
follow that of the crop irrigation requirement. In the rice grow-
ing areas of deep tubewells Bartabil-1 and Dautia-5, the irrigation 
requirements increased steadily to the peak which occurred near the 
end of the land soaking period. Farmers' pump operation more or 
less follows the trend during that period. Even though the net 
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irrigation demand decreased after land soaking period, the farmers 
in Dautia-5 tubewell area continued to increase the duration of 
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pump operation. Some rainfall during the observation period greatly 
reduced the crop demand but the farmers did not cut down the pump 
operation time considerably. In the wheat growing areas of deep 
tubewells BWDB 120 and BWDB 138, the crop water requirement increased 
steadily up to the end of observation period. But the peak pump 
operating hours did not coincide with the peak demand. This might 
be because of farmers' limited knowledge of crop water requirements. 
The model can also be used in preseason planning of command 
area and delivery schedule in a tubewell irrigation scheme. Using 
the normal weather, soil and on-farm management data, a proper 
rotation interval can be obtained to minimize the crop stress and 
surface drainage or deep percolation losses. Other physical 
parameters such as pump discharge, peak pump operating hours, 
conveyance losses, unit irrigation efficiency and command area--
channel length relationships can then be inputted to get the 
command area and daily net delivery requirement on a 1-ha area 
basis. The command area will be divided into a number of units of 
about equal size. The number of these units should be equal to the 
number of days in the rotation interval. The delivery requirement for 
each of these unit areas can be obtained from the command area and the 
daily net delivery requirement per hectare. 
SUMMARY AND CONCLUSIONS 
A computer model that can be used in predicting the impact 
of various improvement options on command area expansion of a deep 
tubewell irrigation system has been developed. A field study was 
conducted to collect the necessary physical data to provide 
irrigation engineering insight and a basis for testing and applica-
tion of the model . The investigation was performed on eleven 
selected deep tubewells located at two sites, namely Dhamrai and 
Thakurgaon, in Bangladesh during 1982-1983 dry season. 
Pump Discharge 
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The results of the investigation indicated that the actual 
di sc harge of the majority of the deep tubewells was substantiall y 
lower than the design or rated capacity. Duration of pump operation 
of most of the study tubewell s in Thakurgaon area was ex tremely low. 
Lack of farmer confidence in the system's ability to supply adequate 
water when needed , frequent power failures, nonattendance by the 
official pump operator in the field, and nonavailability of seeds 
at right time are the major problems associated with this severe 
underutilization. Even though the situation in the Dhamrai deep 
tubewell area was far better, the duration of pump operation in some 
of the systems was much lower than the potential . The overall 
effi c i encies of the pumps both driven by diesel engines and electr i c 
motor were found to be much lower than the recommended values. 
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Conveyance and Application Losses 
The conveyance losses in all of the study deep tubewells areas 
were very high. Losses in the earth channels were most ly due to 
seepage through the cracks and rodent holes in the bank s, spi llage 
and leakage through the poorly sealed outlets. The conveyance losses 
in the brick-lined channel s in Thakurgaon study tubewell area were 
also high because lack of adequate maintenance caused cracks and holes 
in the channel body through which considerable leakage occurred. 
Although some of the seepage water was reused in the system, 
especially in the rice growing areas, the high conveyance losses 
made the delivery of water to the peripheral fields very difficult, 
thus, restricting the command area. Hence, improvement and main-
tenance of the distribution channels are the prerequisites for 
expanding the present command area. 
The overall irrigation effic iency of most of the deep tubewell 
irrigation systems stud ied in Thakurgaon area was very low. Inadequate 
distribution networks in those areas required the farmers to use plot 
to plot flow in delivering water to the individual wheat fields. 
That practice of water distribution caused considerable losses of 
water. 
Lack of land leveling in some of the areas resulted in appreciable 
application losses. The overall irrigation effic iency of some of 
the rice irrigation systems studied in Dhamrai area was found to be 
low. Excessive percolation losses resulted from inadequate puddling 
of the soil during la nd preparation period and drought conditions 
due to poor water management practices were most ly responsible for 
the low efficiencies. 
Predicted Command Area 
With Improvements 
128 
The developed model was applied to predict the expected command 
area under both existing and modified or improved physical conditions. 
The model predicted command areas were compared with the actual 
field observed values and necessary adjustments were discussed. 
The improvement alternatives considered in this study, for 
Dhamrai area, are: (a) improvement of earth channels; (b) thin 
brick lining of the channels; (c) improvement of the on-farm water 
management practices; (d) increasing the duration of pump operation 
up to 90 percent of the possible value during the peak period; 
{e) improvement of the earth channels combined with improved on-farm 
water management; and (f) improvement of earth channels, improved 
on-farm water management and increasing operating hours up to 90 
percent of the possible value during the peak period. 
The improvement options considered for Thakurgaon area are: 
(a) repair of the brick lined main channel and improvement of earthen 
field channels; (b) improvement of the main and lining of field 
channels; (c) farmers' construction and maintenance of plot channels; 
(d) improvement of main and earth field channels combined with 
farmers' construction of plot channels; (e) farmers' construction and 
maintenance of plot channels comb ined with improved on-farm water 
management; (f) increasing the duration of pump operation; (g) improve-
ment of the main and field channels; construction of plot channels and 
improved on-farm water management; (h) improvement of the main and 
field channels and construction of the plot channels combined with 
improved on-farm water management and land leveling; and (i) same as 
(h) plus increasing duration of pump operation up to 8 hours a day 
and 5 days a week. The impact of each of the above improvement 
alternatives was determined by comparing the predicted command area 
under the modified system with that under the existing conditions. 
Results indicated that the impact of each improvement option varied 
among the study tubewell areas, depending upon the present perform-
ance level of various components of the system. 
Economic Analysis 
An economic analysis was performed to determine the cost 
effectiveness of most of the improvement alternatives considered. 
Due to high net return from irrigating Bore rice in Dhamrai area 
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all the alternatives, except lining of channels, were found highly 
beneficial. Based on the conditions of analysis, improvement of 
the main and field channels in Thakurgaon area were not found to be 
economical. Other alternatives, however, were economically justified. 
The financial and other physical limitations of the study did 
not permit complete and thorough investigation. Hence,some of the 
data used in this work were obtained from technical papers, previous 
study reports and judicious assumptions. Thus, further verification 
of t he data and updating of the conclusions are needed. However, 
the model will provide the decision makers a tool to formulate 
economical solutions to the. problem of improving the deep tubewell 
irrigation project performance. 
Irrigation Management 
The usefulness of the model in evaluating farmers' pump operation 
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practices was demonstrated. The actual depth of water pumped during 
each rotation was compared with the model predicted net demand. The 
utility of the model to assist the farmers in planning the command 
area and delivery schedule was also indicated. Although the model 
has been developed to use in improving the performance of a deep 
tubewell irrigation scheme, it can also be used in a system served 
by a low-lift pump or by a turnout in a large irrigation project. 
RECOMMENDATIONS 
For further refinement of the present work, the following 
recommendations are made: 
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1. Field experiments to determine the reduction of conveyance 
losses through earth channel improvement, lining and various levels 
of maintenance along with associated costs. 
2. Investigations on the impact of improved on-farm water 
management and land leveling on yield and irrigation efficiency. 
3. Field experiment to determine the percolation losses from 
the rice lands under intermittent irrigation. 
4. Investigation to determine the minimum soil moisture below 
which the yield of rice crop will be significantly reduced. At 
present it is recommended that the soil moisture in a rice field 
should be near saturation. But in practice, farmers usually dry up 
the soil, apparently, to a level at or below field capacity without 
substantial loss of yield. 
5. Field study to determine the minimum depth of water that 
can be applied with a reasonable uniformity to a rice field under the 
existing leveling condition. 
6. Determination of land soaking requirements for various soil 
type and initial moisture conditions, including the duration of 
land soaking and land preparation period. 
7. Investigation into the root depth development of wheat grown 
in different soil type under different irrigation frequency. 
LITERATURE CITED 
1. Agarwal, M. C., and Goel, A. C., "Effect of Field Leveling 
Quality on Irrigation Efficiency and Crop Yield," Agri-
cultural Water Management, No. 4, 1981, pp. 457-464. 
2. Angeles, H. L. , "Optimum Utilization of Irrigation Water 
Through Farm Operation Scheduling and Crop Diversification," 
dissertation presented to Utah State University, at Logan, 
Utah, in 1979, in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 
132 
3. Bangladesh Bureau of Statistics, "The Yearbook of Agricultural 
Statistics of Bangladesh, 1979-80," Dhaka, Bangladesh, 1980 . 
4. Bangladesh Rice Research Institute, "Annual Internal Review 
for 1982" (draft ), February, 1983. 
5. Barrett, J. W. H., and Skogerboe, G. V., "Crop Production 
Functions and the Allocation and Use of Irrigation Water," 
Agricultural Water Management, Vol. 3, 1979, pp. 53-64. 
6. Biswas, M. R., et al., "An Investigation into the Factors 
Affecting the Command Area of Different Irrigation Facilities 
in Bangladesh," Bangladesh Agri cultura 1 University, Mymens i ngh, 
Bangladesh, 1978, 15B p. 
7. Bos, M.G., "Standards for Irrigation Efficiencies of ICID," 
Journal of the Irrigation and Drainage Division, ASCE, Vol. 105, 
No. IR1, March,1979, pp. 37-43. 
8. Bramer, H., "The Rice So ils of Bangladesh," Symposium on 
Soils and Rice, 1{3), IRRI, Los Banos, Philippines, 197/. 
9. Bras, R. L., and Cordova, J. R., "Intraseasonal Water Alloca-
tion in Deficit Irrigation," Water Resources Research, 
Vol. 17, No. 4, August, 1981, pp. 866-874 . 
10. Buras, N. , Nir, D., and Al perovit, E., "Planning and Updating 
Farm Irrigation Schedules," Journal of the Irrigation and Drain-
age Division, ASCE, Vol. 99, No. IR1, March, 1973, pp. 43-51. 
11. Campbell, J. K., "Report of Three-week Study in Bangladesh for 
the Cornell/USAID Water Management Synthesis II Project," 
(Draft), July, 1983. 
12. Chin, L. T., "Fonnulas Developed for Fann-level Irrigation of 
Lowland Rice," Water Management in Philippine Irrigation 
Systems: Research and Operations, Los Banos, Philippines, 
1973, pp. 145-154. 
13. Chow, L., "Rice Irrigation," Journal of the Irrigation and 
Drainage Division, ASCE, Vo. 91, No. IR3, September, 1965, 
pp. 35-49. 
133 
14. Claiborn, B. A., "Predicting Attainable Irrigation Efficiencies 
in the Upper Snake River Region," thesis presented to Water 
Resources Research Institute, University of Idaho, at Moscow, 
Idaho, in 1975, in partial fulfillment of the requirements for 
the degree of Master of Science . 
15. Clyma, W., Kemper, W. D., and Ashraf, M. W., "Reducing Fann 
Delivery Losses in Pakistan," Transactions of the ASAE, 1981, 
pp. 367-374. 
16. Clyma, W., et al., "Land Leveling," Planning Guide No.1, 
Water Management Synthesis Project, 1981. 
17 . De Datta, S. K., et al., "Water Management Practices in 
Flooded Tropical Rice," Water Management in Philippine 
Irrigation System: Research and Operations, IRRI, Los Banos, 
Philippines, 1973, pp. 1-18. 
18. Doorenbos, J., and Pruitt, W. 0., "Crop Water Requirements," 
Irrigation and Drainage Paper No. 24, Food and Agricultural 
Organ izat ion of the United Nations, Rome, Italy, 1977. 
19. Doorenbos, J ., and Kassam, A. H., "Yield Response to Water," 
Irrigation and Drainage Paper No. 33, Food and Agricultural 
Organization of the United Nations, Rome, Italy, 1979. 
20. Easter, K. W., "Field Channels: A Key to Better Indian 
Irrigation," Water Resources Research, Vl. 11, No. 3, June, 
1975, pp. 389-392. 
21. FAO, "Water for Agriculture," Food and Agricultural Organiza-
tion of the United Nations, U.N. Water Conference, Mardelplata, 
March, 1977. 
22. Ga linato, G. D., "Evaluation of Irrigation Systems in the 
Snake River Fan, Jefferson County, Idaho," thesis presented to 
the University of Idaho, at Moscow, Idaho, in 1974, in partial 
fulfillment of the requirements for the degree of Master of 
Science. 
23. Ghani, M.A., "Stud ies on Seepage and Percolation in Selected 
Field Conditions in Bangladesh," thesis presented to the Asian 
Institute of Technology, at Bangkok, Thailand , in 1978, in 
partial fulfillment of the requirements for the degree of 
Master of Science. 
134 
24. Gulati, H. S., and Murty, V. V. N., "A ~lodel for Optimal 
Allocation of Canal Water Based on Crop Production Fucntions," 
Agricultura l Water Management, Vol. 2, 1978, pp. 79-91. 
25. Hagan, R. E., and Wang, Jaw-Ka i ., "Minimizing Canal Capacity 
for Irrigated Rice," Journal of the Irrigation and Drainage 
Division, ASCE, Vol. 103, No. IR1, March,1977, pp. 71-80. 
26. Haise, H. R., and Hagan, R. M., "Soil Plant and Evaporation 
Measurements as Criteria for Scheduling Irrigation," 
Irrigation of Agricultural Lands, ASA Monograph No. 11, 
Madison, Wisconsin, 1967, pp. 577-604. 
27. Halim, M.A., "Determination of Water Requirement for Dry 
Season HYV Rice," Proceedings of the ICID 2nd Aeqional 
Afro-Asian Conference, Maninala, 5-6 December, 1978, pp. 
118-125. 
28. Hall, W. A., "Performance Parameters of Irrigation Systems," 
Transactions of the ASAE, 1960, pp. 75 -76, 81. 
29. Hall, W A., and Buras, N., "Optimum Irrigation Practices 
Under Conditions of Deficient Supply," Transactions of the 
ASAE, 1961, pp. 131-134. 
30 . Hall, W. A., and Butcher, W. S., "Optimal Timing of Irrigation," 
Journa l of the Irrigation and Drainage Division, ASCE, Vol. 94, 
No. IR2, June, 1968, pp. 267- 275. 
31. Hanks, R. J ., and Ashcroft, G. L., Applied Soil Physics, 
Springer-Verlag, New York, 1980. 
32. Hanson, V. E., "New Concepts in Irrigation Efficiency," 
Transactions of the ASAE, 1960, pp. 55-57, 61, 64. 
33. Hargreaves, G. H., and Samani, Z. A., "Estimating Potential 
Evapotranspiration," Journal of the Irrigation and Drainage 
Division, ASCE, Vol. 108, No. IR3, September, 1982, pp. 223-229 . 
34. Hart, W. E., Peri, G., and Skogerboe, G. V., "Irrigation 
Performance: An Evaluation," Journal of the Irrigation and 
Drainage Division, ASCE, Vol. 105, No. IR3, September, 1979, 
pp. 275- 289. 
35. Islam, M.A., and Ahsan, E., "Population-Food Imbalance and 
Food Self-suff iciency Strategy for Bangl~desh for 2000 A.D.," 
Agricultura l Economics and Rura l Social Science Papers No. 7, 
Bang l adesh Agricu ltural Research Council, May 1976. 
36. Israelson, 0. W., Irrigation Principles and Practices, 
John Wiley and Sons, Inc., New York, 1932 . 
37. Jensen, M. E., "Evaluating Irrigation Efficiency," Journal 
of the Irrigation and Drainage Division, ASCE, Vol.~ 
No. IR1, March, 1967, pp. 83-98. 
38. Jensen, M. E., "Scheduling Irrigations With Computers," 
Journal of the Soil and Water Conservation, Vo. 24, 1969, 
pp. 193-195. 
39. Jensen, M. E., and Robb, D. C. N., "Scheduling Irrigations, 
Using Climate-Crop-Soil Data," Journal of the Irrigation and 
Drainage Division, ASCE, Vol. 96, No. IRl, March, 1970, 
pp. 25-38. 
40. Jensen, M. E., Consumptive Use of Water and Irrigation Water 
Requirements, American Society of Civil Engineers, 1973. 
41. Johnson, S. H., Early, A. C., and Lowdermilk, M. K., "Water 
Problems in the Indus Food Machine," Water Resources Bulletin, 
Vol. 13, No. 6, December, 1977, pp. 1253-1268. 
135 
42. Johnson, S. H., Khan, Z. S., and Husain , C. M., "The Economics 
of Precision Land Leveling : A Case Study from Pakistan," 
Agricultural Water Management, Vol. 1, Octobe~ 1977, pp. 319-331. 
43. Johnson, S. H., Kemper, W. D., and Lowdermilk, M. K., "Improving 
Irrigation Water Management in the Indus Basin," Water Resources 
Bulletin, Voi. 15, No . 3, April, 1978, pp. 1253-12~----
44. Kaewkulaya, J., "Scheduling Rotation Irrigation for Multipl e 
Crops in a Large Scale Project," dissertation presented to 
Utah State University, at Logan, Utah, in 1980, in partial 
fulfillment of the requirements for the degree of Doctor of 
Philosophy. 
45. Kampen, J., "Water Losses and Water Balance Studies in Lowland 
Rice Irrigation," dissertation presented to Cornell University 
at Ithaca, New York, in 1970, in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 
46. Karim, z., et al., "Diagnostic Analysis of Five Deep Tube-
well Irrigation Systems in Joydebpur , Bangladesh," Water 
Management Synthesis Project, WMS Report 15, October, 1983. 
47. Ke ller, J., Lowdermilk, M. K., Levine, G., and Chambers, R., 
"General Asian Overview of Irrigation Development Options 
and Investment Strategies for the 1980's," Water ~1anagement 
Synthe sis Project, WMS Report No. 7, May, 1982 . 
48. Keller, J ., et al., "Irrigation Development Options and Invest-
ment Strategies for the 1980's: Bangladesh/USAID," Water 
Management Synthesis Project, WMS Report No. 3, MaY, 1981. 
136 
49. Lundstrom, D. R., Stegman, E. C. , and Werner, H. D., "Irrigation 
Scheduling by the Checkbook Method," Proceedings, of the 
Irrigation Scheduling Conference, ASAE, December 14-15, 1981, 
pp. 187-193. 
50. Manalo, E. B., Agro-Climatic Survey of Bangladesh, IRRI, 
Los Banos, Philippines, 1977. 
51. Miah, M. M., "A Study on the Water Utilization in Some Areas 
Under Tubewell Irrigation," thesis presented to Bangladesh 
University of Engineering and Technology, at Dhaka, Bangladesh, 
in 1979, in partial fulfillment of the requirements for the 
degree of Master of Science. 
52. Merriam, J. l., Irrigation System Evaluation and Improvement, 
Blake Printery, California, 1968. 
53. Merriam, J. l., and Keller, J., "Farm Irrigation System 
Evaluation: A Guide for Management," Department of Agri-
cultural and Irrigation Engineering, Utah State University, 
Logan, Utah, 1978. 
54. National Research Council, "World Food and Nutrition Study," 
Interim Report of the Steering Committee, National Academy 
of Science, Washington, D.C., 1975. 
55. On-Farm Irrigation Committee of the Irrigation and Drainage 
Division, "Describing Irrigation Efficiency and Uniformity," 
Journal of the Irrigation and Drainage Division, ASCE, Vol. 
104, No. IR1, March, 1978, pp. 35-41. 
56 . Pierce, l. T., "A Practical Method of Determining Evapo-
transpiration from Temperature and Rainfall," Transactions 
of the ASAE, 1960, pp. 77-81. 
57. Pruitt, W. 0., and Jensen, M. C., "Determining When to 
Irrigate," Agricultural Engineering, Vol. 36, 1955, pp. 389-393. 
58. Robins, J. S., et al., "Grain and Field Crops," Irrigation of 
Agricultural Lands, ASA, Agronomy No. 11, Madison, Wisconsin, 
1967, pp. 622-639. 
59 . Sattar, M. A., "A Water Management Profile of the Thakurgaon 
Tubewell Project in Bangladesh," thesis presented to the 
University of the Philippines, at Los Banos, Philippines, in 
1983, in partial fulfillment of the requirements for the degree 
of Master of Science. 
60 . Scott, V. H., and Houston, C. E., "Measuring Irrigation 
Water," Division of Agricultural Sciences, University of 
California, January 1959. 
137 
61. Shafique, M.S., Clyma, W., and Bowers, S. A., "Land Leveling 
and Watercourse Improvements for Pakistan," .Paper presented at 
the June 27-30, 1978, American Society of Agricultural 
Engineers Meeting, Logan, Utah (paper No. 78-2021). 
62. Shrestha, M. M., "Irrigation Water-Use Improvement by Proper 
Irrigation Scheduling," thesis presented to Utah State 
University, at Logan, Utah, in 1976, in partial fulfillment 
of the requirements for the degree of Master of Science. 
63. Skogerboe, G. V., "Installation and Field Use of Cutthroat 
Flumes for Water Management, Water Management Technical 
Report No. 19, Agricultural Engineering Department, Colorado 
State Univeristy, Fort Collins, Colorado, March,1972 . 
64. Spare, D. P., Jaw-Kai, W., and Hagan, R. E., "Sizing Rice 
Irrigation Canals," Transactions of the ASAE, 1980, pp. 914-923. 
65. Stewart, J.I., Hagan, R. M., and Pruitt, W. 0., "Functions to 
Predict Optimal Irrigation Programs," Journal of the Irrigation 
and Drainage Division, ASCE, Vol. 100, No. IR2, June, 1974, pp. 
179-229. 
66 . Svendsen, M., Merry, D., and Fitzgerald, W., "Meeting the 
Cha 11 enge for Better I rri ga ti on Management," Horizons, Agency 
for International Development, Vol. 2, No. 3, March, 1983, pp. 
17-25. 
67. Trava, J., Heermann, D. F., and Labadie, J. W., "Optimal On-
farm Allocation of Irrigation Water," Transactions of the ASAE, 
1977, pp. 85-88, 95. 
68. Tsakiris, G., and Kiountouzis, E., "A Model for the Optimal 
Operation of an Irrigation System," Agricultural Water 
Management, Vol. 5, 1982, pp. 241-252 . 
69. Tyagi, N. K., Singh, 0. P., and Dhruvanarayana, V. V., 
"Evaluation of Water Management Systems in a Tubewell Irrigated 
Farm," Agricultural Water Management, Vol. 2, 1978, pp. 67-78. 
70. Valera, A., and Wickham, T., "A Field Study on Water Use and 
Duration of Land Preparation for Lowland Irrigated Rice," 
Paper presented at IRRI Saturday Seminar, Irrigation and 
Water Management, IRRI, Los Banos, Philippines, July, 1978. 
71. Van Bavel, C. H. M., and Wilson, T. V., "Evapotranspriation 
Estimates as Criteria for Determining Time of Irrigation," 
Agricultural Engineering, Vl. 33, No. 7, 1952, pp. 417-418, 420. 
72. Van Bavel, C. H. M., "Use of Climatic Data in Guiding Water 
Management on the Farm," Water and Agriculture, American 
Association for the Advancement of Science, 1960, pp. 89-100. 
73. Van de Goor, G. A. W., and Zijlstra, G., "Irrigation 
Requirements for Double Cropping of Lowland Rice in Malaya," 
Publication No. 14, International Institute for Land 
Reclamation and Improvement, Wageningen, The Netherlands, 
1968. 
74. Weaver, T., et al ., "A Framework for Economics Research on 
Water Management in Bangladesh," Unpublished working paper 
(first draft), University of Rhode Island, January 19, 1984. 
75. Willardson, L. S., "Characterizing Water Use by Means of 
Efficiency Concepts," American Society of Agricultural 
Engineers Annual Meeting, Paper No. 59-204, June 1959. 
76. Willardson, L. S., "Attainable Irrigation Efficiencies," 
Journal of the Irrigation and Drainage Division, ASCE, Vol. 
98, No. IR2, June, 1972, pp. 239-246. 
77. Wickham, T. H., and Sen, L. N., "Water Management for Lowland 
Rice: Water Requirements and Yield Response," Soils and 
Rice, IRRI, Los Banos, Philippines, 1978, pp. 649-669. 
78. Wickham, T. H., and Singh, V. P., "Water Movement Through 
Wet Soils," Soils and Rice, IRRI, Los Banos, Philippines, 
1978, pp. 337-358. 
79. World Bank, "Bangladesh: Recent Economic Developments and 
Selected Development Issues," Report No. 3768-BD, March,1982. 
138 
139 
APPENDICES 
Appendix I.--Maps of the Study Deep 
Tubewell Areas 
140 
l_ ,_ ...... . - . .i 
r ·- · :._ ·-·-·- · ~ 
• i ! 
·, ! 
Y-•-•-•-~/ 
I 
·-·- ·- - ·*; ·- · ' ~ \ ~-· 
~ 1 ' ' i 
+ ' l ~ ' ' t ~ 1 I ~ ,--- \ I I 't ,. __ .. \ 
• • 1 ' ~ . ~~ ~ ' ~ \ _.\ 
T ~ I ' I i ~ I ' ! ~ t-·'·1 ~ I I 1 ~ ~ ~ \ 
t 1 'f '-~ .. -...... '. ~ -""· ~ 't \ 
I I ' I -· 
T ~ \ ~ i-·-·-· 
1 I I \ 
t ' - ·" ~ 1~ 
i 
. ..... . -·-·-·- ·- ·,· - ·-·-·-·- ·-·'. _.-·-
\_.- ·-· 
Scale : 1:5100 
Deep Tub ewell 
Command Area Boundary 
Main Chann el 
Branch Channel 
Village Road 
FIG. 26. --Map of Deep Tubewell Area Bartabi l - 1, Dhamrai, Bangladesh 
141 
Scale: 1:5100 
i 
i._, ___ ·-· ~ 
Deep Tubewe 11 
I 
i 
,--· 
i 
i 
i 
i 
Command Area Boundary 
Main Channe 1 
Branch Channel 
FIG. 27. --Map of Deep Tubewell Area Beleswar-2, Dhamrai , Bangladesh 
142 
I 
i 
,·-·--' 
.. -............................ 
• f y 
• 
I 
• , 
I 
I 
• 
I , 
I 
I 
, 
-.-.1-·- ·- ·- ·-·-) 
t 
~ 
J 
I 
~ 
I 
' 
I 
i 
I 
i 
i 
i 
i 
i 
·-·-j 
·-·-·""'' , 
! 
Scale: 1:5100 
~ 
._.r-· -·- ·-·-· - ·-. t 
I 
i 
l,_,_ f ·-·""·-·-
i 
·-, 
i 
L., 
i 
i 
-·-·-·-·-·-· i 
·-·-·-·-·-·-·- i 
Deep Tub ewe 11 
Command Area Boundary 
Main Channe 1 
Branch Channel 
Vi 11 age Road 
~ Residential Area 
FIG. 28. --Map of Deep Tubewell Area Dautia-5, Dhamrai, Bangladesh ~ .., 
w 
' 
\ ... -·-·-· ... \ ,..,.-
/ 
Scale: 1:7920 
/ 
( 
·, 
,> 
_.----- -- , _) 
---
i 
;/ 
• Deep Tubewell 
Command Area Boundary 
~lain Channel 
Branch Channel 
FIG. 29.--Map of Deep Tubewell Area Demran, Dhamrai, Bangladesh 
___ ,.. ............... \ 
·----·-·-·- '"\. .....~/~ \ -·---"'~ '\......_ \ \ \ \ 
. ' I J . 
l .\ \ -·-·-·- .._ \ ;__ __ ,] . -\ ---·-· ~
..... ~· ! ..... 
l ~ 
I I 
. . 
!_ .... . "" ...... --'. 
\ .-o'... \ 
·\-
\ 
(...; 
I 
\ 
·'-·-·-: 
• ..... 
\ 
\ .. -·\.,. ...... ~ .-------·-\ ____ \ 
'. ........ .-·- -·- \ -
\ ... -... \...---·-· '-·-
\ 
-·-· 
fll Deep Tubewell 
-·-· 
Scale: l :5100 
Command Area Boundary 
Main Channe 1 
Branch Channe 1 
FIG. 30. --Map of Deep Tubewell Area Joypura-2, Dhamrai, Bangladesh 
t 
~ 
..,. 
<.n 
~-/ :?'::.-?' . - _:;~ ~ 
Scale: 1:6090 
~ Deep Tubewell 
=====Main Channel 
--- --F i eld Channe l 
CJ Irrigated Area 
= Village Road 
FIG. 31 . --Map of Deep Tubewell Area BWDB 47, Thakurgaon, Bang ladesh 
~ 
_,. 
"' 
Scale: 1:6090 
' 
' 
N--j==-
,..,n· --~r:'-;:-: · ··· ' . . 
II Deep Tubewe 11 
=Lined Main Channel 
----- Field Channel 
~ Irrigated Area 
~ Village Road 
FIG. 32.--Map ·of Deep Tubewell Area BWDB 116, Thakurgaon, Bangladesh 
~ 
.., 
..... 
Sea 1 e: 1: 6090 
~ Deep Tubewell 
Lined Main Channel 
Field Channel 
£:fj Irrigated Area 
~ Village Road 
148 
FIG. 33 . --Map of Deep Tubewell Area BWDB 120, Thakurgaon, Bangladesh 
Seale: 1:6090 
tl r= 
ill Deep Tubewe 11 
Lined Main Channel 
Field Channel 
~ Irrigated Area 
~ Village Road 
FIG. 34.--Map of Deep Tubewell Area BWDB 123, Thakurgaon, Bangladesh 
~ 
_,. 
"' 
'I r===--
0 
·=-==-:::;==:::::c--~- ---- --?_:\·/ :~ \ ' ' I' -- --- < \-~L-y·,/' \ I ' ~~~ \Li ' 
.. \ . G 
~ 
Iii Deep Tubewe 11 
=Lined Main Channel 
----- Field Channel 
~ Irrigated Area 
===== Village Road 
FIG. 35.--~lap of Deep Tubewell Area BWDB 124, Thakurgaon, Bangladesh 
150 
' \ II Deep Tubewell ~ ~' ' ·' · .\ -- Lined Main Channel 
' " ' Field Channel 
Scale: 1:6090 EZJ Irrigated Area 
- Village Road 
FIG, 36,--Map of Deep Tubewell Area BWDB 138, Thakurgaon, Bangladesh 
~ 
U1 
Appendix !I.--Field Measured Data, 
Convexance Los ses and App li cation 
Effic1enc1es. 
152 
TABLE 19 . - - Farm Ditch Losses and Wastes of the Deep Tubewell Irrigation Schemes Studied in 
Thakurgaon Tubewel l Project, Bangladesh, Dry Season, 1982- 1983 
- ·--
Average loss .Average Average los s 
Rate Wetted Rate 
Tubewell Fat1l10itch Lengtl'l l oJ P/s/100 m} Perimeter~~ 
/lo. Soi 1 Type Class Ditch Type the Section Inflow Outh~ Total.\!}ss Unit
4
Loss Lined Earth lined Earth Lined Earth 
(m) (1/s) ( l is) ( 1/s) (1/s/100 m) 
BWDB47 Sandy Loam Main Brick. lined 520.0 88.6 75.6 13.0 2.5 2.6 6.8 1.26 1.408 74.3 173 .9 
McJin Brick lined S85. 7 88.6 71. 5 11.1 2.9 
Hain Bri ck li ned 579. 1 88.6 78.6 10.0 1.7 
Hain Bric klined 29 1. 1 88.6 78.6 10.0 3.4 
Secondary Earth 272.2 61.1 31.7 29. 4 10.8 
Secondary Earth 61.0 23.6 21.9 1.7 2.8 
BWOB 116 Sandy . loam Main Brick l ined 382.0 88.5 78.6 9.9 2.6 2.6 5.0 1. 346 1.343 69.5 134.0 
Secondary Earth 93.9 49 .4 43.7 5.7 6.1 
Secon dary Earth 162.8 58.3 53.7 4.6 2.8 
Seconda ry Earth 229.0 34.4 20.3 14 .1 6.2 
BWOB 120 -- Main Brick lined 350.5 86.8 76.9 9.9 2.6 2.8 7.7 1. 392 1.242 72.4 223.7 
Seconda ry Earth 106.7 36.0 28.5 LS 7.0 
Secondary Earth 168.8 62.6 46.3 16.3 9.7 
Secondary Earth 12.2 46.7 42.1 4.6 6.4 
BWOB 123 loam Main Brick lined 438.0 75 . 6 67.4 6.2 1.9 1.9 10.0 1.397 1. 28 49.0 281.3 
Secondary Earth 215.3 67.0 47.0 20.0 9.3 
Seconda ry Earth 225.5 65.3 41.0 2 •. 3 10.8 
BWOB 124 Loam Main Bric k lined 546.5 94.0 64.7 29.3 5.4 5. 4 5.6 1.519 1.1 52 128.0 181.2 
Secondary Earth 215.8 37.4 26.2 11.2 5.2 
Second ary Earth 101.2 33.9 27.4 6.5 6.4 
BWOB 138 Main Brick lined 43 1.0 88 . 3 74.8 13.5 l. l 4.5 11.3 1.489 1.159 108.8 351.0 
t~a in Brick lined 383.0 88.3 71.5 16.8 4.4 
Main Br ick 1 ined 273.2 88.3 71.8 16.5 6.0 
Secondary Earth 176.8 S4.8 33.2 21.6 12.2 
Secondary Earth 125.0 59.3 46.3 13.0 10.4 
·~·---~~,·~-~ •r• -- --~--- -·---~-~-~ --·-- ·-·-~~--~~-~-' 
>--' 
'-" w 
TABLE 20.--Conveyance Losses in the Farm Ditch Sy stem of the Deep Tubewell Schemes Studied in Dhamrai, Banglades h, Dry Season of 1982-1983 
Flow at Section Distance Between Loss Between Sect i on 
Scheme 
'"'" 
1 2 . 3 · 1!2 2!3 1!3 1!2 2&3 1!3 Average loss 
tlame Ditch 1/ s l/s lis m m m l ps/ 100 m 1/mZ/hr lps/ 100 m lfm2Jh r 1 ps/100 m l jmljhr lps/100 m 1/mZJhr 
Bartabi 1-1 A 24.9 20.0 10.2 164.6 295.6 460 .2 3.0 94.5 3.3 108.0 3 . 2 102.8 5.4 169.1 5C 8-84 33.3 25.6 16.6 263.7 126.2 389 .9 2.9 79.0 7.1 209.7 4.3 121.9 A-AI 32.6 10.4 371.9 6.0 189.0 81 34.1 19.1 195.0 7.7 272.8 
B-82 37.5 29.3 140.2 5.8 159.1 
Beleswar-2 A 59.1 43.0 29.1 189.9 247 . 5 43 7.4 8.5 225.8 5.6 170. 1 6 . 9 195.6 6.2 163. 2 sc B 59.6 48.4 44.2 182 . 9 101.1 284.1 6 .1 162.1 4.2 111.6 5. 4 143.5 81 59 .1 49.9 148.4 6.2 150.4 
Dautia-5 A 51.4 41.4 19.1 229.2 376.4 605.6 4.4 138.6 5.9 218.1 5 . 3 180.0 5.2 162.4 SL A1 48. 9 34. 6 21 .9 216.4 265.2 481 .6 6.6 200.5 4 .8 157. 1 5.6 176.8 A3 45.2 30.1 329.5 4.6 130.4 
Oemra n A 41.9 33.3 347.5 2.5 85.9 5.9 193. 8 sc 8 47.5 18.5 10.0 278.6 193.9 472.5 10.4 342.8 4.4 152.2 7.9 266.8 c 47.5 25.6 13 .1 216.4 356.6 573.0 10.1 318.1 3.5 129.4 6.0 204.2 0 53.9 18.3 480 .0 7 .4 223.3 8-BI 48.0 18.8 15 .2 274.3 315 .8 590 .1 10.6 326 . 7 1.1 41.0 5.6 188.9 -
Joypu ra -2 A 53 . 9 33 .3 16 . 9 234.7 271.3 506 . 0 8.8 293.6 6.0 193 .2 7 . 3 239 . 3 6 . 2 200.1 56.5 37.0 30 . 7 295 . 7 198.1 493.8 6.6 187. 1 3.2 109 . 3 5 . 2 161.1 
..... 
tn 
..,. 
TAB LE 21. -- Fiel d Mea sured Data and Applica t ion Efficiencies of Some Selected Wheat Plot s in 
Thakurgaon Tubewel l Proj ec t , 1982-1983 
--- - ·->~· 
~~~~we ll -~------ Irrigation -~~}~r:oistuifte~m in SO'"' S~! }o~~i st.!J-q~.!U~~ E 50 E 75 Repre sentative Weighted 
No. P l o t ~ Cl ,' SN, Texture Pb , g/~c Depth, em Irrigation Irrigation Stored Irrigation Irrigation St ored a a area, frac. Ave. [a, 
----- --- -
lJ WDB 47 6300 19.0 30.3SL 1. 43 19 .80 14 .0 15.99 1.99 18.39 22.00 3.61 10.0 18.2 0 .42 37 . 8 
6740 1.52 8.26 16.08 18.53 2.45 29.7 44.6a 0.24 50 1.62 8.74 15.04 18.60 3.56 40.7 59.3a 0.20 6717 1.44 12.20 10.74 15.08 4.34 15.74 22.36 6.62 35.6 54.3 0.1 4 
BWDB 116 6464 18 .0 50.7 Sl 1.51 9.05 11 .90 15.74 3.84 19.49 24.13 4 . 64 42.4 51.3 0. 426 48.5 6485 1.42 13.1 0 15 .28 19.17 3.89 29.7 44 .6a 0.20 
6548 1.54 13.37 12.91 18.1 7 5.26 39.3 57.4a o.na 
7324 1.40 26.90 15.80 18.58 2.78 10.3 18.6a 0.096 
8WOB 120 274 1-47 20.80 16.61 18.70 2.09 24.51 27.82 3.31 10.0 15.9 0.290 31. 7 I ()I 1.36 13.10 14.97 16.58 1.61 12.3 21.3a 0.1 94 
109 1.35 7 . 70 13.67 16.58 2.91 37 . 8 55.4a 0.320 
124 1. 36 10 . 90 15. 47 17.55 2.08 19. 1 30.4a 0.127 759 1.40 9.47 16.45 17.5 1 1. 06 11.2 19.8a 0.069 
B'!o'OB 123 131 2 !6.3 38.0l 1.66 8.80 14.89 18.61 3.72 22.44 28.69 6. 25 42.3 71.0 0.237 57.5 
1420 1.54 11.33 12. 17 16.04 3.87 19.20 25.12 5.92 34 .2 52.3 0. 460 
1771 !.54 7.80 14.48 17.07 2.59 21.43 25.71 4 .28 33.2 54.9 0.30 3 
BW08 124 1548 20.3 43 .9 l 1.56 6.10 14.47 17.10 2.63 22.32 27.03 4. 71 43. 1 11.2 0. 283 63.8 
118 1.55 9.4 2 10. 18 15.15 4 .97 17.21 23.32 6. 11 52.8 64 . 9 0. 495 
1579 1.51 13. 42 15. 29 18.84 3.55 21.90 27.82 5.92 26.5 44 .1 0.222 
8W08 138 2451 1.53 6.72 11.4 1 14 .56 3.15 17 . 69 21.71 4. 02 46 . 9 59.9 0.229 51.5 2439 1. 61 12 .65 15.89 20 . 46 4.57 24.61 31 . 28 6.67 36 .1 52 .7 0.346 
2353 1. 53 10.50 16.90 19.25 2.35 25.50 28.50 3.00 22. 4 28.6 0.254 
2~1,;6 1.61 6.80 13.96 19.28 5 . 32 23 . 72 .?2.62 4 . 90 78.0 72.0 0.1 71 
a[stimated from Ea 50 
----~~-~~- --·--··£*-~~ ~~ 
,__. 
"' 
"' 
Aooendi x 111 . --Values of the Parameters 
Used in Model App l ication to Predict 
Command Area Expansion Under Various 
Improvement Options . 
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TABLE 22.--Parameters Used in Predicting Expected Command Area of 
Dhamrai Deep Tubewells Under Different Improvement 
Alternatives 
Improvement Bartabil-1 Be 1 eswa r-2 Dauitia-5 Demran Joypura- 2 
Type 
(1) (2) (3) (4) (5) (6) 
Existing CLa 2.7 3.1 2.6 3.0 3.1 
Conditions POH 72.5 42.7 83.3 95 .4 84.2 
EU 75 60 55 115 49 
Improvement CL 1.0 1.0 1.0 1.0 1.0 
of Earth POH 72.5 42.7 83.3 95.4 84.2 
Channels EU 75 60 55 115 49 
Brick Lining CL 0. 2 0.2 0.2 0. 2 0.2 
POH 72.5 42.7 83.3 95.4 84 . 2 
EU 75 60 55 115 49 
Improved on- CL 2.7 3.1 2.6 3.1 
farm manage- POH 72.5 42.7 83.3 84 .2 
ment EU 85 85 85 85 
Increasing CL 2.7 3.1 2. 6 3.1 
pump operating POH 90 . 0 90.0 90.0 90.0 
hours EU 75 60 55 49 
Improvement of CL 1.0 1.0 1.0 1.0 
earth channel POH 72.5 42 . 7 83.3 84.2 
and improved EU 85 85 85 85 
on-farm water 
management 
Improved earth CL 1.0 1.0 1.0 1.0 
channel, POH 90.0 90.0 90.0 90.0 
improved EU 85 85 85 85 
on-farm water 
management 
and increased 
operators hours. 
a CL = conveyance loss, 1/s/100 m 
POH = pump operating hours, percent of possible 
EU = unit irrigation effic iency, percent 
TABLE 23.- -Parameters Used in Predicting Expected Command Area of Thakurgaon Deep Tubewells Under 
Different Improvement Alternatives 
BWDB 47 BWDB 116 BWDB 120 BWDB 123 BWDB 124 BWDB 138 
Existing Conditions CL 5.0 3.1 4.5 4.0 5.5 8.2 
POH 25.3 16.6 18.2 24.1 16.0 11.3 
Ea 38 49 32 58 64 52 
~fiP 71 71 78 59 45 58 27 35 25 34 29 30 
Improvement of the main and CL 1.5 1.5 1.5 1.5 1.5 1.5 
field channel POH 25.3 16.6 18.2 24.1 16.0 11.3 
Ea 38 49 32 58 64 52 
E 71 71 78 59 45 58 
EfiP 27 35 25 34 29 30 
Improvement of main channel CL 0.2 0.2 0.2 0.2 0.2 0.2 
and lining of field channel POH 25.3 16.6 18.2 24.1 16.0 11.3 
Ea 38 49 32 58 64 52 
Ecp 71 71 78 59 45 58 
Eu 27 35 25 34 29 30 
Farmers extension or CL 5.0 3.1 4.5 4.0 5.5 8.2 
construction and maintenance POH 25.3 16.6 18.2 24.1 16 .0 11.3 
of plot channels Ea 38 49 32 58 64 52 
Ecp 90 90 90 90 90 90 
Eu 34 44 29 52 58 47 
~ 
<.n 
co 
TABLE 23.- -Continued 
BWDB 47 BWDB 116 
Farmers' construction and CL 1.5 1.5 
maintenance of plot channels POH 25.3 16.6 
and improved main and field Ea 38 49 
channels Ecp 90 90 
Eu 34 44 
Farmers construction and CL 5.0 3.1 
maintenance of plot channels POH 25.3 16.6 
and better on-farm water Ea 55 59 
management Ecp 90 90 
Eu 50 53 
Increasing operating hours CL 3.1 
up to the present prov ision POH 23.8 
of 5 days a week and 8 hours Ea -- 49 
a day Ecp 71 
Eu 35 
Improved channels and better CL 1.5 1.5 
on-farm water management POH 25.3 16.6 
Ea 55 59 
Ecp 90 90 
Eu 50 53 
BWDB 120 BWDB 123 
1.5 1.5 
18.2 24.1 
32 58 
90 90 
29 52 
4.5 4.0 
18. 2 24.1 
58 74 
90 59 
52 67 
4.5 
23.8 
32 
--
78 
25 
1.5 1.5 
18. ,2 24.1 
58 74 
90 90 
52 67 
BWDB 124 
1.5 
16.0 
64 
90 
58 
5.5 
16.0 
76 
90 
68 
5.5 
23.8 
64 
45 
29 
1.5 
16.0 
76 
90 
68 
BWDB 138 
1.5 
11.3 
52 
90 
47 
8.2 
11.3 
74 
90 
67 
8.2 
23.8 
52 
58 
30 
1.5 
11.3 
74 
90 
67 
<n 
"' 
TABLE 23.--Continued 
BWDB 47 BWDB 116 BWDB 120 BWDB 123 BWDB 124 
Improved channel, better CL 1.5 1.5 1.5 1.5 1.5 on-farm water management POH 25.3 16.6 18.2 24.1 16.0 and land leveling Ea 80 80 80 80 80 Ecp 90 90 90 90 90 Eu 72 72 72 72 72 
Improved channel s , better CL 1.5 1.5 1.5 on-farm water management land POH 23.8 23.8 23.8 leveling and increased Ea 
-- 80 80 
-- 80 operating hours Ecp 90 90 90 Eu 72 72 72 
CL ; conveyance loss, l / s/ 100 m 
POH ; pump operating hours, percent of potential 
Ea; application efficiency, percent 
Ecp ; plot channel conveyance efficiency, percent 
Eu ; unit irrigation efficiency, percent 
BWDB 138 
1.5 
11.3 
80 
90 
72 
1.5 
23.8 
80 
90 
72 
~ 
en 
a 
Appendi x IV.--Crop Yield, Farmers' Reported 
Per Hectare Costs and Return for Bora Rice 
and Wheat Grown in the Study Areas and Cost 
Data Used in the Economic Analysis. 
161 
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TABLE 24.--Crop Cut Data and Rice Yield in Dhamrai Study Deep 
Tubewell Area, Bangladesh, 1982-1983 Dry Season 
Number of Moisture Avera~e 
(5m X 5m) Content Yield 
Plot Area Sample (Percent) (ton per 
Deep Tub ewell Number (Hectare) Areas hectare) 
( 1) (2) (3) (4) (5) (6) 
Bartab iL1 383 0.134 3 25.5 6.66 
281 0.101 3 18.5 7.71 
349 0.134 3 23.7 7.31 
355 0.405 3 17.5 6.57 
288 0.117 3 18.3 7.25 
374 0.077 3 21.0 7.20 
306 0.324 3 19.3 7.74 
223 0.113 3 25.0 7.23 
312 0.150 3 22.5 7.74 
Beleswar-2 1166 0.178 3 18.3 4.64 
1174 0. 069 3 18.0 4. 71 
1276 0.413 3 18.8 5.31 
111 0.150 3 21.5 4.34 
96 0.194 3 18.0 5.59 
1194 0.215 3 19 . 2 4.40 
1221 0.097 3 17.5 4.89 
1185 0.190 3 18.2 5.29 
1169 0.113 3 16.5 5.41 
Dautia-5 1529 0.263 3 22.5 7.23 
1719 0.113 3 20.3 6.37 
1615 0. 073 3 20.0 6.52 
1983 0.041 3 19.0 6.13 
287 0.105 3 20 . 0 7.44 
190 0. 134 3 19.3 6.12 
270 0.081 3 20.3 5.36 
159 0.122 3 19.8 6.04 
179 0.069 3 20.5 6.79 
Demran 966 0.227 3 19.5 8.96 
856 0.162 3 17.0 9.87 
514 0.219 3 18.5 9.78 
1025 0.267 3 20.5 7.38 
824 0.081 3 21.0 8.43 
954 0.134 3 20.5 8.91 
853 0.203 3 15.5 10.54 
756 0.053 3 16.5 9.31 
759 0.057 3 18.5 9.99 
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TABLE 24.--Continued 
Number of Avera~e (5m X 5m) Moisture Yield 
Plot Area Sample Content (ton per 
Deep Tub ewell Number (Hectare) Areas (Percent) hectare ) 
( 1) (2) (3) {4) (5) (6) 
Joypura-2 302 0.081 3 22.5 7.29 
798 0.182 3 19.8 7.87 
317 0.142 3 18.8 6.98 
452 0.134 3 20.3 7.16 
296 0.303 3 20.0 6.08 
343 0.122 3 19.5 6.35 
504 0.365 3 19.3 5.08 
464 0.122 3 20.5 7.00 
223 0.324 3 19.0 7.09 
Average 6.93 
aAdjusted at 14 percent moisture content 
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TABLE 25.--Crop Cut Data and Wheat Yield in Thakurgaon Study Tubewell 
Area, Bang ladesh, 1982-1983 Dry Season 
Deep Plot Area Number of (5m x 5m) Average Yield 
Tubewell Number (ha) Sample Areas in ton per hectare 
( 1) (2) {3) (4) ( 5) 
47 64 0.202 3 2.49 
65 0.405 3 3.60 
6783 0.405 3 3.07 
6298 0.202 3 3.17 
6284 0.121 3 2.98 
45 0.182 3 2.30 
6717 0. 138 3 2.73 
1 0.405 3 2.39 
50 0.202 3 2. 95 
116 6353 0.101 3 2.32 
6447 0.051 3 2. 97 
6446 0.101 3 4.28 
6479 0.202 3 2.29 
6462 0.081 3 3.10 
6464 0.101 3 3. 10 
7310 0.091 3 3.29 
7324 0.081 3 2.05 
6549 0.101 3 2. 17 
120 103 0. 162 3 1.08 
274 0.142 3 2. 16 
273 0.202 3 1.83 
111 0.202 3 1.44 
111 0.202 3 1.69 
109 0.405 3 2.07 
123 0. 101 3 1.16 
124/125 0.405 3 1.13 
759 0.101 3 1.20 
123 1292/2 0.202 3 2.32 
1292/3 0.125 3 3.16 
1312 0.073 3 2.94 
1326 0.101 3 2. 32 
1324 0.101 3 2.88 
1271 0.182 3 3.07 
1771 0.405 3 1.89 
1772 0.202 3 3.81 
1872 0.405 3 2.99 
TABLE 25.--Continued 
Deep Plot Area 
Tubewell Number (ha) 
(1) (2) (3) 
124 125 0.101 
1557 0.202 
124 0.101 
1912/1919 0.202 
200 0.101 
99 0.202 
313 0.101 
317 0.040 
315/320 0.202 
138 2449 0.202 
2484 0.202 
2429/2625 0.121 
2451 0.101 
2448 0.073 
2422/23 0.049 
2366 0.117 
2370 0.101 
2602 0.109 
Average 
165 
Number of (5m x Sm) Average Yield 
Sample Areas in ton per hectare 
(4 ) (5) 
3 2.15 
3 2.69 
3 2.26 
3 2.76 
3 2.88 
3 2.66 
3 2. 94 
3 2.79 
3 3.04 
3 2.48 
3 1.08 
3 1.84 
3 2.29 
3 2.51 
3 2.49 
3 2. 77 
3 2.20 
3 2.98 
2.50 
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TABLE 26. --Farmers Reported Per Hectare Production Cost and Net 
Return for HYV Bora Rice and Wheat Grown in the Study 
Areas, Bangladesh, 1982-1983 Dry Season 
Wheat 
HYV Boroa Irrigateda Nonirrigated 
(1) (2) (3) (4) 
I. Production Cost ( taka/ ha ) 
a. Labor 5824 2DD3 2003c 
b. Draft animal 1869 725 725c 
c. Fertilizer and manure 1164 1242 1035b 
d. Seed/seedling 754 1038 1038c 
e. Pesticide 303 
f. Irrigation 2231 109d 
Total 12145 5117 4801 
II. Average Yield (ton/ ha ) 6.90 2.50 1.53b 
I I I. Price Rece ived (taka/ton) 3913 3752 3752 
IV. Gross Return (taka/ ha ) 27000 9380 5741 
v. Interest on capital e 
and Land Renta 1 ( taka/ha) 1500 e 
VI. Net Return (taka/ha) 13355 4263 940 
aDa ta obtai ned from i nterv i ewing the farmer owner of 9 se 1 ected p 1 ots 
in each study deep tubewell area. 
bBased on secondary data collected from BWDB Office, Thakurgaon. 
cCost assumed equal to that for irrigated condition 
dBased on the present rate of 3 percent of the increased production 
elnterest on capital and land rental for both irrigated and 
nonirrigated crops are assumed the same 
TABLE 27.--The Pump Operating Costs Incurred in t he Study Deep Tubewell Sites, Dhamrai, Dhaka, 
Bangladesh, 1982-1983 Dry Season 
Deep Tubewell Site 
Bartabil-1 Beleswar-2 Dautia-5 Joypura-2b 
(1) (2) (3) (4) 
Fuel/Electricity Cost (TK)a 25,500 21,116 37,205 
Spare Parts (TK)a 2,000 1,200 1,000 
Lubricant, Oil, etc. (TK)a 3,720 2, 125 4,382 
Total (TK) 31,220 24,441 42,587 
aData obtained from the interview with the managers of the study deep tubewell schemes 
bPump at Joypura-2 site is operated by electric motor 
(5) 
19,000 
285 
19,285 
~ 
0) 
" 
TABLE 28.--Capital Cost, Expected Life and Maintenance Cost Data Used in the Economic Analysis 
of Different Improvement Alternatives for Dhamrai Deep Tubewells. 
Expected Seasonal Maintenance Cost Ca~ita 1 Cost Life 
Improvement Type Unit Cost (Years) Unit Cost 
(1) (2) (3) (4) (5) (6) 
Improvement of earth channel TK/m 10 5 TK/m 2 
75 mm brick lining, trapezoidal Tk/m 140 15 %of initial cost 2.5 
750 mm deep, 300 mm bed width, 
1:1 side slope 
Farmers' extension of earth TK/ ha 500 5 %of initial cost 10 
channe 1 in the new irrigated 
area 
Improvement of on-farm water TK/ha 500 
management 
>--' 
0> 
co 
TABLE 29.--Capital Cost, Expected Life and Maintenacne Cost Data Used in the Economic Analysis 
of Different Improvement Alternatives for Thakurgaon Deep Tubewells 
Ca~ital Cost 
Improvement Type Unit Amount 
( 1) (2) ( 3) 
Repair of the main channel TK/m 50 
75 mm brick lining of the field TK/m 160 
channe 1 
Improvement of the earthen field TK/m 10 
channe 1 
Farmers' extension or construction TK/ha 2.50 
and maintenance of necessary plot 
channels 
Farmers' extension of earthen field TK/ha 500 
channel in the new irrigated area 
Irrigat ion scheduling serv ices 
Precision land leveling 
TK/ha 100 
TK/ha/ cma 1000 
aper centimeter reduction of the mean deviation 
Expected 
Life Annual Maintenance Cost 
(years) Unit Amount 
(4) (5) (6) 
5 % of initial Cost 2.5 
15 % of initial cost 2.5 
5 TK/m 2 
% of initial cost 10 
10 
>--" 
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Appendi x V. --Listing of the Computer Model, 
Samole Input and Output . 
170 
TABL E 30 . --Listing of the Computer Model 
10 
20 
30 
~CMMAND AREA MODEL 
40 fhis Progr•m predicts th• command ~re<ill of! a 
:50 Oeep Tubewell Irrigation Svstem from a given 
oO ,;et of physical parameters . 
70 
80 CHARACTER STMN*4, AMN*3 
90 COMMON /ALPHA/STMNC7> 
100 COMMON /ENVR/ETRC365l,PPC36~l 
1 10 COMMON /OEMAND/WIR(3, 30l, WRR <30> 
120 COMMON / DATES / IBQ, MBG, JBQ , IND, MNO , JND 
l:ZO DIMENSION AMN C12l. MDC12l 
140 DATA AMN/ ' JAN ', ' FEB ' , ' MAR ', ' APR ' , ' MAY ', ' Jl.N ', 'JUL ', 
1,0 ' AUQ', 'SEP', 'OCT', ' NOV ', ' DEC '/ 
160 DATA 110/ 31.28,31.30, 31. 30, 31. 31. 30, 31. 30 , 31 / 
170 OPEN< 5. FILE• ' TEST. OAT ', STATUSz ' OLD ' l 
180 OPEN (8, FILE• 'OAT . OUT ', STATUS• ' NEW ' l 
190 80 ~EADC:5.101liCTRL.IPRINT.ICT 
200 101 t=QRMAT<3I4l 
210 IF< ICTRL . LE. OlSTOP 
220 GOTO < 110, 120, 130 l, ICTRL 
230 
240 I CTRL =0 STOP 
2,0 c 
260 c 
270 c 
280 c 
TRANSFER CONTROL TO ENVRDT 
2 TRANSFER CONTROL TO SCHEDU 
3 TRANSFER CONTROL TO AREA 
290 110 METHQD::ooiCT 
300 CAl.L ENVROTC !PRINT, AMN, MD, METHOD) 
310 GCTO 80 
320 120 ICRP•ICT 
330 CALL SCHEDU< !PRINT, AMN, MD, ICRPl 
340 QQTO 80 
3,0 130 CALL AREA <AMN, MD l 
360 GCTO 80 
370 £ND 
380 
3 90 SUBROUTINE ENVRDT 
400 
410 fi1is Subroutine e~timate~ daily ETR using the 
420 Penm.an Combin•tion M~tthod modified by Doorenbos 
430 ar.d Pruitt. 
440 
4,0 SUBROUTINE ENVRDT CIPRINT , AMN , f'1D, METHODl 
460 CHARACTER STMNtt4, AMN*3 
470 COMMON /ALPHA/STMN<7l 
480 COMMON /ENVR/ETR<365l,PP<365l 
490 COMMON /DATES/IBG, MBG, JBG, IND. MND, JND 
500 DIMENSION CR90(6l,AMN<12l.M0(12l 
51 0 I'?EAD<S, 101l<STMN<Il, 1=1. 7l , XLAT, XLQN,ELEV.WHT 
520 101 FORMAT<7A4, 2FB. 2, F7. 1. FlO. 3l 
530 READ< S, 102) I BG, MBG, I NO, MND 
540 102 t=ORMAT<4ISl 
'50 READ<S, 103lNRSQ, <CRSO<I l, Ic:t , NRSO> 
560 103 t=CRMATC3X, I2 . 7E10. Ol 
570 !F( I PRINT. EQ . Ol GOTO 10 
580 WRITE(B, 201 l ( STMN( I l , 1•1, 7> , XLAT , XLON, ELEV 
171 
590 201 FORMAT< ' 1 ',20X, ' DAILY REFERENCE CROP EVAPOTRANSPIRATION '//, 
6 0 0 + 29X, ' LOCATION:', 7A4, /, 2QX, ' LAT= ', F6 . 2 ,' DEG LONG= ', F6. 2. ' OEG ', 
610 ' ELE= '• F6. 2 , 'M ', II, 4X. 'JULI AN MONTH DAY TEMPERATURE ' , 
172 
TABLE 30.- -Continued 
620 4X,'RELHUMIOITY SCl.....AR WINO ETR RAINFALL './, 6X , 
630 'CAY'.16X,'MAX MIN' , 6X, ' HAX MIN',4X, ' RA01ATION ', ' <KM I ' , 
640 <HMl',4X,'<MM)',/,26X, 'C OEG Fl ', 21X. '< LANGLEYSl DA Yl',//l 
6:50 10 ~EAOC5, 104lCLWO, CTCF 
660 104 FORMAT<2F10. 2> 
670 CALL DAY<MBQ , IBG, JBGl 
680 CALL DAYCI"''I''ID, INC , .JNO) 
690 CLWOz::CLWD•<2 . / WHT>••O . 2 
700 IF< .JND. LE. JBG l JNO=JN0•365 
710 ~=<1013. -0 . 105*ELEV 
720 00 50 I ""'JBG, JND 
730 ~<'. =I 
740 IFCK. GT. 365 lK:a:K-365 
?so READ< s. • > mx. TMN. HMX, 1-f'tN, es. u. PPA 
760 IF<CTCF. LE. 0 . 001 lGOTO 20 
770 THX=<TI'1X-32. >•5. / 9 . 
780 TMN=(TMN-32. Ht5 . / 9 . 
790 20 V=U•CLWD 
9 0 0 TAC:::o: CTMX+TMN HtO . 5 
810 XU1•595 . -0. Sl•TAC 
8:20 GAM=O. 242•P t< O. 622•XLMl 
830 OELT,.33. 8639•<0 . 05904•(0 . 0073B•TAC+O . 9072>••7-3. 72E-5) 
840 Cl=DELT/ <DELT+GAM) 
850 C2K1, -ct 
860 RSO•O . 0 
870 D•K 
880 DO 30 L• L NRSO 
890 KK2NRSO-L+2 
900 RSO=D•<CRSO<KK)+RSOI 
910 30 CONTINUE 
920 RSO•RSO+CRSO < 1 I 
930 XT=O. 0174!53•XLAT 
940 '!'=COS CO. 0172142•CK+1921 I 
9!50 OR•O . 40876•Y 
960 SR,.l. 00028+0 . 03269-*Y 
970 Z=-TAN CX TI*TAN CO R I 
980 AZ=ACOS < Z I 
990 DL=7 . 63942•AZ 
1000 AR=AZ•SIN< XT >•SIN<OR I 
1010 BR=COS< XT>•COS< OR >•S IN <AZ > IS R 
10~0 RA=916. 732•< AR+BR I 
1030 GOT0(40, 60), METHOD 
1040 
1050 METHtJO = 1 Calculate R~ fll'om t•mperature difference 
1060 • 2 Calculat• R• fl"om bT"ight sunshine houT"s 
1070 
1080 40 RSzQ. 16+SGRT<TMX-TMN>•RA 
1090 GOTO 70 
1100 60 RS:-=<0 . 25+0. SO•BS/DLI•RA 
1110 70 EA=1 . 3329*EXP C21 . 07-!5336 . /( TAC+273. 1)1 
1120 HMA= Of'1X+HMN I / 200. 
1130 ED=EA+HMA 
1140 RBO=ll. 71•<0 . 39-0. 05•SGRT <EOI >•< <TAC+273 . 11 /1 00. >••4 
1150 RB,..RBD*RS / RSO 
11o0 RN=O. 77+RS-RB 
1170 UU=O . 27+( 1. + . 01+U> 
1180 ETF=Cl•RN•10 . /XLM+C2*W* <EA-ED I 
1190 CALL GOATE <K, M, IDI 
1200 IF< I PRINT . NE . 0> '"'RITE < 9, 2021K, AMN <H>, IO, TMX , TMN, HMX, HHN, RS, 
1210 * U.ETF,PPA 
1220 202 FORMAT< OX, I3 , 4X, A3, I4, 1 X. 2F7 . 1, 3X, 2F6. t. 2 X, F9 . 1. 2X, F!5 . 1. !5X, 
TABLE 30.--Continued 
1230 * F4. 1 , SX, F6. 1 > 
1240 ETR<.,J=ETF 
1250 PP(K}::>;;PPA 
1260 50 CONTINUE 
1270 RETURN 
1280 END 
1290 
1300 SUBROUTINE SCI-EDU 
1310 
1320 This Subprogram simply tT'ansfers the contT'ol to 
1330 the Subroutine RICE or UPCROP . 
1340 
1350 SUBROUTINE SCI-EOU<IPR INT, AMN, MD, ICRP J 
1360 CHARACTER AMN*3 
1370 COMMON /ENVR/ETR<365),PPC3b5J 
1380 COMMON /OEMANO/WIRC3, 30J, WARC30J 
1390 COMMON /DATES/IBG. MBG, JBQ, IND. MND, JND 
1400 DIMENSION AMN<12J,MD<12J 
1410 GOTOC10,20.20), ICRP 
1420 
1430 ICRP = 1 HYV Rice 
1440 a 2 Wheat 
1450 
1460 10 CALL RICE<IPRINT,AMN.MD, ICRP) 
1470 RETURN 
1480 20 CALL UPCROP< !PRINT, AMN, MD, ICRP> 
1490 RETURN 
1500 END 
1510 
1520 
1530 
1540 
1550 
1:560 
SUBROUTINE RICE 
This Subroutine calculat•s n•t d•liv•ry rli!quir•ment 
for 1-ha HYV Rice from daily ...,.ter balance. 
1:570 SUBROUTINE RICE< !PRINT, AMN, MD, ICRP> 
1:580 CHARACTER AMN•3 
1:590 COMMON /ENVR/ETRC36:5>,PPC36:5l 
1600 COMMON /DEMAND/ WIRC3,30l.WRRC30l 
1610 COMMON /DATES/IBG, MBG, .JSG, IND. MNO·• .JNO 
1620 DIMENSION CTC4l, PLC3l, PERC3l , CK1 C:5l, CK2C:5l, CJ.(.C( 120l 
1630 DIMENSION WO < 14• 200l, AMNC 1~l , MDC 12l, ALSC 10l , .JPLC 14, 10> 
1640 , AIRRC30l , XIRC36:5>. WIRR<36:5l 
173 
16:50 READ (:5, 101 l IGSS, ISGD, LT, LPT, IRSTP, INT, WLS, WOX, WST , WMN1 , WMN2, CKW 
1660 , UIE. XIRX 
1670 101 FORMATC2I4,4I3,:5F6. 1.2F:5 . 2 , F:5 . 1l 
1680 READC:5, 102l C CPLC I), PERC Ill, I=l. 3l 
1690 102 FORMATC6F:5. 2 l 
1700 REAOC:5, 103)(CTCI), I=t.4l 
1710 103 FORMATC4E10. 3l 
1720 READ< :5, 1 04 l C CK1 C I l, I= 1, 5 l 
1730 READ C 5 , 104) ( CK2C I) , I ct. 5 l 
1740 104 FORMATCSE10 . 3l 
1750 PERA=PL( 1 >•PERC 1 l+PL C2l•PER < 2l+PLC3l+PER C3l 
1760 XLPP=LT•INT 
1 770 XINT=INT 
1780 X=O. 0 
1790 AD=O. 0 
1800 DO 10 I=l• L T 
1810 X•X+XINT 
1820 Z=X/XLPP 
1830 AOO=CT<l l+CT<2l*Z+CTC3l*Z**2+CTC4l*Z""*3 
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1840 
18:5 0 
18~t.O 
1870 
1890 
1890 
1900 
1910 
19 20 
1930 
194 0 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
20:50 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
IF <Z. EO. 1 . OIADD-1. 0 
ALS < I I =ADD-AD 
AD=ADD 
10 CONTINUE 
IRS""< IGSS-IRSTP >I !NT 
IRT= IRS+LPT+L T 
ALPG:O. 0 
DO 50 !•2 . IRT 
IF < I . GT. LTJGOTO 51 
ALPG•ALPG+ALS < I-1) 
AIRR (I >•ALPG 
GOTO 50 
51 IF( I . GT . IRS+LPT I GOTO 52 
AIRRCIJ•l . O 
GOTO 50 
52 K•I-IRS-1 
AIRR<I>=-1 . 0-AIRR<K> 
:50 CONTI~E 
OGSS•IGSS 
XMGS=OGSS / 2 . 
DO 75 I•! , IGSS 
X=I 
R=X / XMGS 
IFCR . GT. L OIGOTO 76 
CKCC I >-CKl < 1 I+CCKl C2 >+<CK1 ( 3 )+ CCK1 <4 >1-CK 1 <5> •R>•R >•R >*R 
GOTO 75 
76 R::.R-1. 0 
CKC (I >-CK2 C 1 ) +CCK2C2 H·CCK;!C3 J+CCK2C4 I+CK2 C:5 1 •R>•R >•R >•R 
7~ CONTINJE 
00 100 I,.L INT 
JDF"•ISGD+I-1 
DO 120 IP•l. LT 
JPL< I, IP >-JDF+(LPT+IP-1) •INT 
IF(JPUI , IP > GT. 365)JPL < I, IP >=.JPL<I. IP>-365 
120 CONT INJE 
LL•1 
SPP•O. 0 
SWATRaO. 0 
SDRN:a:O. 0 
SET•O. 0 
lSD:::oO 
DO 130 J:a:l. IRT 
JBB=JDF•LL-1 
IF<JBB. GT . 36:5>JBB~BB-36:5 
IF<J . 1'£. 1 >GOTO 131 
WD< I, L.L) •WST 
XIR< JBB > •ALS <J>• (WLS-PP( JBB)) 
GOTO 133 
131 WATR,..WST-WD< I. LL >-PP <JBB > 
IF<WATR . LT. 0 . O>WATR""O. 0 
IF<WATR . GT. X IRX) WATR=XIR X 
SWATR=-SWATR•WATR 
WD< I, L.L) •WO < I. LL )+WATR 
IF <J . GT. LT>GOTO 132: 
X IR < JBB > ::o::Al_S <J>• <WLS-PP < JBB) >+AI RR < J >*WATR 
GOTO 133 
132 XIR<JBBJ::o::AIRR(J)•WATR 
133 NN=LL•INT-1 
DO 140 K=LL, NN 
JB=JDF+K-1 
IF<JB . GT . 365 >JB=JB-365 
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2450 
2460 
24 70 
2480 
2490 
2500 
2 510 
2~20 
~530 
2 .,.0 
2 550 
2560 
2 570 
2580 
2590 
2600 
2610 
262 0 
2630 
2640 
2650 
2660 
2670 
2680 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
27o0 
2770 
2780 
2790 
2800 
2810 
2820 
2830 
2840 
2850 
2860 
2870 
2880 
2890 
2900 
2910 
2920 
2930 
2940 
2950 
2960 
2970 
2980 
2990 
3000 
3010 
3020 
3030 
3040 
3050 
SPP•SPP+PP < .JB I 
IF<WD<I.K L LT. WMNl lGOTO 141 
CKS=l. 0 
PERC=PERA 
GOTO 143 
14 1 PERC=O. 0 
ISD,. ISD+l 
IF<WD<I. K l. LT. WMN21GOTO 142 
CKS=-1. 0 
GOTO 143 
142 CKS=WO< 1 , K l / W!'t\12 
143 IF(J. QT . LT>QOTO 144 
CKA•CKW 
GOTO 147 
144 IF<J . GT. IRS+LPT lGOTO 145 
II::t 
KK=J-LPT 
IFCKK. GT . LT l KK=LT 
GOTO 146 
145 I 1•'-"-IRS-LPT 
KK=LT 
146 SA-O. 0 
SCKC •O. 0 
DO 150 L • II , KK 
IL•JB-JPL C I. L >+l 
SCKC::o:SCKC+CKC < I L I •ALSCLI 
SA=SA+ALSCLI 
150 CONTINUE 
CKA•SCKC / SA 
147 ET.,.ETR C.JSI•CKA•CKS 
SET•SET+ET 
WO< I , K+l )aWO (I. K l-ET-PERC+PP <.JB > 
IF ( WOCI. K+ U . LE. WDX>GOTO 140 
SORN•SDRN+WO <I, K+1 >-WDX 
WD<I.K+1>..WOX 
140 CONTIN.JE 
LL=NN+1 
130 CONTINUE 
IF< I PRINT . NE . 2lGOTO 100 
WRITE <8 , 802l I 
802 FORMAT< lO X, ' ROTATION UNIT NO.' , I2, //l 
WRITE <8 , 803) SWATR, SPP, SORN, SET, ISO 
803 FORMATClO X, ' TOTAL IRRIGATION= ', FO. l.' mm',/lOX, ' TOTAL ' 
' RAINFALL•', FO. 1.' mm ', / lOX, ' TOTAL DRAINAGE:o: ', F6 . 1. ' mm ',/lOX, 
' TOTAL ET"'', F6. 1. ' mm ',/lOX. ' TOTAL STRESS DA Y"'=', 14, I/) 
100 COI\ITINUE 
DO 210 I • t. IRT 
JDDF•ISGO+< I-1 >•INT 
WIR < ICRP , I l•O . 0 
DO 220 J=l. INT 
JD-JDDF+J-1 
IF<JO. GT . 36~ )JD,..JD-36~ 
XR=XIR<JD l •l O. /( I NT•UIE l 
WIR < ICRP , I l =WI R < ICRP , I l + XR 
220 CONTIMJE 
210 CONTINUE 
177 IF< I PRINT . EQ . OJ RETURN 
I PRINT ::: 0 No pT' int out 
1 PT'iflt'!i net daily net de liveT'y requ ire m1mt 
"" 2 Pr i nt '!i seasonal summary as well as net 
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3060 
3 07 0 
3080 
3090 
3100 
3110 
3120 
3130 
3140 
3150 
3160 
3 170 
3180 
3190 
3200 
3210 . 
32:;:!0 
3;!30 
3240 
3250 
3~60 
3270 
3280 
3290 
3300 
3310 
3320 
3330 
3340 
3350 
3360 
3370 
3380 
3390 
3400 
3410 
3420 
3430 
3440 
34:50 
3460 
3470 
3480 
3490 
3:500 
3:510 
35~0 
3530 
3540 
3550 
3560 
3570 
3580 
3590 
3600 
3610 
3620 
3630 
3640 
3650 
3660 
deli v eT'y requirement~ 
JENO~IRT+INT+ISGD-1 
WRITECB, 805 ) 
805 FORMAT( ' 1 ' ,10X, 'DAILY NET DELIVERY REQUIREMENT ON A l~A '/ 
* 22X, 'PADDY RICE BLDCK'//21X, ' DATE',4X, 'DEMAND ' ,/30X, '(cuml' //l 
DO 200 IziSGO, JEND 
K•l 
IFCK . GT. 365lK=K-365 
WIRR (I l=XIR<Kl•lO. /( INT•UIE l 
CALL GDATEOC M, !Dl 
WRITE<S, 804lAMNCM>. ID,WIRR <I l 
804 FORMATC20X, A3, 13, FlO . 2) 
200 CONTINUE 
RETURN 
END 
SUBROUTINE UPCROP 
This Subroutine calculates n•t delivery requirem•nt 
for 1-ha Wheat or otheT" Upland CT"op U5ing daily soil 
moi~tUT"~ balance . 
SUBROUTINE UPCROP<IPRINT, AMN, MD, ICRP > 
CHARACTER AMN•3 
COMMON /ENVR / ETR C365), PP (36!5) 
COMMON /DEMAND/WIRC3, 30), WRR <30) 
COMMON /DATES/IS G. MBG, JBG, IND. MND, JND 
DIMENSION CK1 (4), CK2 C4l, CKC < 120), XIR (365 >, WIRRC36!5) 
DIMENSION AMN<1~l.MD(12) 
READ<~. 101) IQSS, ISGD, IEFC, IMRD, IRSTP, INT. BGRD, RTMX, AWSFBS, UIE 
101 FORMAT<61!5. :i!F6. 1, 2F6 . 2> 
READ<!5, 102) CCK1 C I), I=t, 4) 
READC!5,102l<CK2<I>, 1=1.4) 
102 FORMAT<4E10. 3> 
READ< !5, 1 03) AVW, SMI. CKMX, CKMN 
103 FORMATCF6. 3, F6. 1, 2F6. 2> 
XIEFC•IEFC 
DO 10 I..,t. IGSS 
IFCI . GT . IEFC>GOTO 11 
X=I 
R=X/XIEFC 
CKC C I >=CK1 < 1 )+(CK1 <2 )+( CK1 <3 > +CK 1 C 4 > •R >•R >•R 
GOTO 1~ 
11 D=I- IEFC 
CKCC I l•CK2( 1 )+CCK2(2 l+CCK2(3 >+CK2C4> •D>•D>•D 
12 IF<CKC<I> . GT . CKMX>CKC<Il•CKMX 
IF<CKC( I>. LT . CKMNlCKCCI )•CKMN 
10 CONTINUE 
IRT• < IGSS-IRSTP) /INT+1 
XIMRD•IMRD 
ORO• (RTMX-BGRD> I XIMRD 
DO 100 l•t. !NT 
JPL=ISGD+I-1 
IF<JPL. GT. 365lJPL=JPL-365 
LL=1 
SX!RcO. 0 
SPP:::~~Q . 0 
SDRN=O. 0 
SET=<O . 0 
ISD=O 
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3670 RTB::.BGRO 
3680 BR=RTB 
3690 STPL•AVW+SM I +0. 01 
3700 SWS• BR+A VW+SMI+O . 1 
37 10 DO 110 J•l, IRT 
3720 JBB•JPL+LL-1 
3730 IF ( .JB.B. GT. 365 )J8Bz.JBB-36!5 
3740 IFC.J . foE . 1 IGOTO 111 
3750 X IR ( JBB I •0. 0 
3760 GOTO 112 
3770 11 1 X IR < JBB I • AWS-SWS-PP < JBB I 
3780 IF<XIR<.JBBI . LT. 0 . OIXIR<JBBI•O. 0 
3790 sws~Aws 
3800 112 SXIRzSX IR+X IR <JBB > 
381 0 NN=LL+INT-1 
3820 DO 120 K=U.. , NN 
3830 JB=JPL•K-1 
3840 IF<JB . GT . 36~1.JB=-JB-36!5 
3850 RT=RTB+DRO 
3860 IF <RT. GT . RTHX IRT•RTHX 
3870 OR• RT-RTB 
3880 RTB•RT 
3890 TPL=-RTHX -RT 
3900 AWS•AVW+RT+lO. 
3910 AWSK•AWSFBS+AWS 
3920 SWS•SWS+DR+STPL+ 10: 
3930 WTRzPP ( JBI 
3940 SPP•SPP+PP<JBI 
39~0 DEF•AWS-SWS 
3960 WMD•WTR- DEF 
3970 IF<WMDI 121, 121 , 122 
3980 121 SWS• SWS+WATR 
3990 GOTO 126 
1000 122 SWS=-AWS 
40 10 IF <TPL. GT. 0 . OIGOTO 123 
4020 SORN=SDRN+WMD 
4030 GOTO 126 
4040 123 WTRP=""""D 
4050 SWTPL•STPL•TPL•1 0 . 
4060 AWTP L=-AVW•TPL•1 0. 
4 070 DEFP ::o:AWTPL-SWTPL 
4080 IF<WTRP . GT. DEFP >GOTO 124 
4090 SWTPLaSWTPL+WTRP 
4100 GOTO 125 
4 110 124 SWTPL=AWTPL 
41 20 SORN=-SORN+WTRP-DEFP 
4130 125 STPL::o:SWTPL/( 10. •TPL > 
4140 126 IFCSWS. GE. AWSK>GOTO 127 
41 50 CKS::o:SWS/AWSK 
4160 ISD• ISD+1 
4170 GOTO 128 
4180 127 CKS::o:l . 0 
41 90 128 CKAa:CKC<K) 
4200 ETs:CKA•C lo(.S•ETR ( JB) 
4210 SET•SET+ET 
4220 sws- sws-Er 
4230 120 CONTINUE 
4240 LL=NN+l 
42,0 110 CONTIMJE 
4260 IF ( I PRINT . NE. 2>GOTO 100 
4270 WRITECS , 801 >I 
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4280 
4290 
4300 
4310 
4320 
4330 
4340 
4350 
43o0 
4370 
4380 
4390 
4400 
4410 
4420 
4430 
4440 
4450 
4460 
4470 
4480 
4490 
4500 
4510 
4520 
4330 
4540 
4550 
4560 
4570 
4580 
4590 
4600 
4610 
4620 
4630 
4640 
4650 
4660 
4670 
4680 
4690 
4700 
4710 
4720 
4730 
4740 
4750 
4760 
4770 
4780 
4790 
4800 
4810 
4820 
4830 
4840 
4850 
4860 
4870 
4880 
801 FORMAT< lOX. ' ROTATION UNIT NO . ', 12, I I l 
WRITE<B. 802lSPP, SXIR, SORN. SET , ISO 
802 FORMAT< 1 OX, ' TOTAL RA I !\FALL= ' , F6. 1, ' mm', I lOX , 'TOTAL NET • , 
'IRRIGATIONz',F6 . 1.' IMI ' , /lOX, ' TOTAL DEEP PERCOLATION=', 
• F6. 1.' mm ', /lOX, 'TOTAL ETz', F6. 1,' mm ' , /lOX, ' TOTAL STRESS •, 
'DAY=', 14,//) 
100 CONTINUE 
DO 210 1=1. IRT 
..JDDF•ISGD+< 1-l>•INT 
WIR<ICRP , Il•O . O 
DO 220 Jz=t. I NT 
JO=JDDF+..J-1 
IF ( JD . QT . 365) JO=JD-365 
XR=XIR<.JDJ•lO. /C INT•UIE> 
WIRC ICRP, I )•WIRC ICRP, IH-XR 
220 CONTINUE 
210 CONTINUE 
IFC I PRINT . EG . OJ RETURN 
JEND•IRT•INT+ISGD-1 
WRITEC8. 803> 
803 FORMAT< ' 1 ', lOX, ' DAILY NET DELIVERY REGUIREHENT ON A 1-HA '/ 
* 22X. 'l<rl--fEAT BLOCK'//21X. ' DATE' , 4X, 'OEMAND',/30X. 'Ccum) '// ) 
DO 230 I•ISGO, JEND 
K•l 
IFCK . QT. 36~D K-K-365 
WIRR CK) •X IR C K >*1 0. I< INT•UIE) 
CALL GDATECK, M, ID> 
WRITEC8, 804)Af'l"lCMJ, ID,WIRR<K> 
804 FORHAT<20X, A3. I3, F10 . 2) 
230 CONTINJE 
RETURN 
END 
SUBROUTINE AREA 
This Subroutine determines the expected c:;ommand area 
for the given set of ph~sical data. 
SUBROUTINE AREACA/"'N, MD) 
CHARACTER STH~4. DTWNM*4, AHN•3, CROPNM•B 
COMMON /ALPHA/STMNC7 > 
COMMON /DEMANO/WIRC3. 30), ~R <30> 
COMMON /OATES/ISG, MSG, JBG, IND. MNO, JNO 
DIMENSION AMNC 12 J, MDC 12) , PC< 3), A C3J, OTWNMC7>, CLC 4 ) , CROPNMC3J 
DATA CROPf\.1"1 / 'HYV-RICE', ' WI-EAT--',·-----' I 
REA0<5,101JCOTWNMCIJ, 1•1.7) 
101 FORMATC7A4> 
READC5,102JNCRQP , CPCCI), 1•1. NCROP> 
102 FORMATe 12, 3F5. 2> 
READ CS, 1 03> XLI, GL. GO, FAC, QPP, IRT, !NT 
103 FORMATC3F6. L 2F6 . 3, 215> 
REAOC~.104JCCL<IJ,Iz1,4J 
104 FORMATC4E10. 3> 
WRHX,.O. 0 
DO 100 1=1. IRT 
WRRC I J=O . 0 
00 110 J=l. NCROP 
WRRC I J==WRR C I )+PC< J)*WIR C J, I> 
110 CONTINUE 
IF<WRRC I) . LE WRMXJGOTO 100 
WRMX =WRR C I) 
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4890 
4900 
4910 
4920 
4930 
4940 
4950 
4960 
4970 
4980 
4990 
5000 
5010 
,020 
5030 
5040 
,0,0 
5060 
,070 
5080 
5090 
5100 
5110 
5120 
5130 
5140 
5150 
5160 
5170 
5180 
5190 
5200 
5210 
5220 
5230 
5240 <: 
5250 c 
5260 c 
5270 
5280 
5290 
5300 
5310 
5320 
5330 
5340 
5350 
5360 
5370 
5380 
5390 
5400 
5410 
5420 
5430 
5440 
5450 
5460 
5470 
5480 
5490 
5500 
5510 
IPW•l 
100 CONT 11\AJE 
XINT=INT 
TP=24. -ttX INT1tOPP 
WAV=3 . 6•GD*TP 
88 UL=1 . OS* XLI 
BL•O . 9S•XLI 
GA=-GD-FAC•XL I*GL/ 100 . 
WRGR X=WRMX•QO / GA 
XA=WAV/WRGRX 
XLF=CL< 1 H·CL < 2>•XA+CL (3) •XA••2+CL<4) •XA**3 
IF<XLF. GE. BL. Af\.10 . XLF . LE . UL>GOTO 99 
XLI=XLF 
GOTO 88 
99 WRITE<B.201 >< DTWNI'1<I>.I=1 ,7) 
201 FORMAT< '1 ',lOX, ' SCHEHE NAt-E : ', 7A4, //) 
WRITE<B, 202>GO, TP 
202 FORMAT< lOX , 'PU'1P DISCHARGE•',FS . 1.' lps'.3X, 'PEAK ROTATION ' , 
' OPERATING HOURS='• F6. 1. I) 
WRITE<8. 203> INT 
203 FORMAT<lOX, ' OPTIMIA'I ROTATION INTERVAL..:', 13,' davs ' ,/} 
WRITE<S, 206lWRMX, IPW 
206 FORMAT< lOX, ' PEAK 1\ET DELIVERY REQUIREMENT• ', F6. 1.' cum', 
' OCCL.RED IN ROTATION NO', 13, //) 
WRITE<8. 207> <CROP""1< I), I•l, NCROP > 
207 FORMAT<10X, ' CROP',lOX.3<:5X,A8l,/) 
DO 220 K•1, NCROP 
AOU=XA•PC<Kl 
220 CQf\ITINUE 
WRITE<B, 208) <A< I), I•1.NCR0Pl 
208 FORMAT<10X , 'AREA,h•',7X,3C:5X,F8. 1),//) 
WRITE<8, 209l XA 
209 FORMATe lOX, ' TOTAL COMMAND AREA=', F5. t. ' h• ') 
RETURN 
END 
SUBROUTINE DAV CM, ID, JD> 
DIMENSION MD< 12l 
DATA MD/31. 28, 31, 30, 31 , 30, 31, 31. 30, 31, 30, 31 / 
ISUM=O 
DO 10 J=t. 12 
IFCM. EG. J >GOTO 20 
ISUM=ISUM+MD(J) 
10 CONTINUE 
20 JD:s:IO+ISUM 
RETURN 
END 
SUBROUTINE GDATECJD, M, ID> 
DIMENSION MD< 12) 
DATA MD/31. 28,31 , 30, 31, 30, 31, 31, 30, 31, 30, 31/ 
ISUM=O 
DO 10 M=l. 12 
ISUM=ISUM+MD<M> 
IF<JD. LE . ISUM>GOTO 20 
10 CONTINUE 
20 ID=JD-ISUM+MD<M> 
RETURN 
END 
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Number of Variable 
Data Set Lines Name Format Description 
(1) (2) (3) (4) (5) 
ICTRL 14 Control Code Number 
0 Stop 
1 transfer control to 
ENVRDT 
2 Transfer control to 
SCHEDU 
3 Transfer control to 
AREA 
!PRINT 14 Optional Printout code number 
with ICTRL = 1, !PRINT = 0 
for no printout and ~ for 
printout of weather station 
identifications, daily 
reference crop ET, and 
weather data. 
With ICTRL = 2, !PRINT 0 
for no printout, = 1 for 
print out of daily net 
delivery requirement, 
and = 2 for printout of 
seasonal summary as well as 
daily net delivery requirement. 
ICT 14 Control Code Number 
With ICTRL = 1, ICT = 1 for 
calculating solar radiation 
from temperature difference 
and = 2 for calculating the 
same from bright sunshine 
hours. 
With ICTRL = 2, ICT = 1 to 
call the subroutine RICE for 
rice crop and = 2 to call 
UPCROP for upland crop. 
2 STMN (I) 7A4 Name of the weather station 
XLAL F8.2 Latitude in degrees 
XL F8 .2 Longitude in degrees 
ELEV F7 .1 Elevation of the weather 
station above mean sea level 
in meters 
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Number of Variable 
Data Set Lines Name Format Description 
( 5) (1) (2) (3) {4) 
3 
4 
5 
6 
WHT F10.3 Height of the anemometer 
IBG 
MBG 
!NO 
MND 
NRSO 
CRSO( I) 
CLWD 
!5 
15 
!5 
!5 
above the ground in meters. 
Beginning day of weather 
data 
Beginning month of weather 
data 
Ending day of weather data 
Ending month of weather data 
3X,I2 Number polynomial constants 
of the relation between the 
Julian day and the expected 
cloudless solar radiation 
7E10.0 Polynomial constants of the 
relation between the Julian 
day and the expected cloud-
less solar radiation 
F10.2 Factor to convert wind speed 
to kilometer per day 
CTF F10.2 Temperature unit indicator 
Variablea TMX 
TMN 
HMX 
HMN 
BS 
u 
PPA 
ICTRL 
!PRINT 
ICT 
* 
* 
* 
* 
* 
* 
* 
14 
14 
!4 
= 0 for temperature in 
degree Ce 1 s ius 
Maximum temperature 
Minimum temperature 
Maximum relative humidity in 
percent 
Minimum relative humidity in 
percent 
Actua 1 sunshine hours 
Wind speed 
Rainfall in mm 
For description see 
data set 1 
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Number of Variable 
Data Set Lines Name Format Description 
(1 ) (2) (3) (4) (5) 
ab IGSS 14 Length of growing season 
in days 
ISGD 14 First day (Julian) of 
irrigation for rice and 
beginning of planting for 
upland crop 
LT 13 Number of irrigation rotation 
during land soaking period 
for rice 
LPT 13 Time of land preparation in 
number of rotation for rice 
IRSTP !3 Last irrigation, days before 
harvest 
INT I3 Rotation interval, days 
WLS F6.1 Water requirement for land 
soaking and submergence, mm. 
WDX F6.1 Maximum depth of water which 
can be stored in the paddy, 
mm. 
WST F6.1 Depth of water in the paddy 
at or above which no irriga-
tion water would be applied, 
mm. 
WMN1 F6.1 Soil moisture at or below 
which percolation becomes 
negligible, mm. 
WMN2 F6 .1 Minimum soil moisture at which 
stress of rice crop would 
occur, mm. 
CKW F5.2 Crop coefficient of open 
water 
UIE F5.2 Unit i rri ga ti on efficiency, 
fraction 
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TABLE 31.--Continued 
Number of Variable 
Data Set Lines Name Format Desc ri pt ion 
(5) ( 1) (2) (3) (4) 
11 
12 
13 
14 
15 
16 
XIRX 
PL( I) 
PER (I) 
CT( I) 
CK1 (I) 
CK2(I) 
ICTRL 
I PRINT 
ICT 
DTWNM 
NCROP 
F5 .1 Maximum irrigation depth, mm 
3F5.2 Proportion of the area under 
different soil types, 
fraction 
3F5.2 Percolation loss rate for 
different soil types, mm/ day 
4E10.3 Polynomial constants of the 
relation between the time and 
progress of land soaking for 
rice 
5E10.3 Polynomial constants of crop 
coefficient curve for rice 
before mid-growing season 
5E10.3 Polynomial constants of crop 
coefficient curve for rice 
after mid-growing season 
I4 See data set 1 for description 
I4 
I4 
7A4 Scheme Name 
I2 Number of crops 
PC(I) 3F5.2 Proportion of the area planted 
XLI F6.1 
QL F6.1 
QD F6 .1 
with each crop in fraction 
Assumed channel length to 
begin the trial and error 
process, m 
Average conveyance loss, 
l iter per second per 100m 
Pump discharge, liter per 
second 
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TABLE 31. --Continued 
Number of Variable 
Data Set Lines Name Format Description 
( 1) (2) (3) (4) (5) 
FAC F6.3 Adjustment factor to accoun~ 
for transition phenomena 
OPP F6.3 Peak operating hours, 
fraction of the maximum 
possible value 
IRT 15 Total number of irrigation 
rotations 
!NT 15 Rotation interval, days 
17 CL(I) 4E10.3 Polynomial constants of the 
relation between command 
area and channel length 
18 ICTRL 14 See data set 1 for 
!PRINT 14 description 
ICT 14 
aOne line for each day of record 
bThere is some variations in data entry for upland crop. See program 
listing of subroutine UPCROP for arrangement and format and 
description of UPCROP for variable identification. 
* Free format 
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TABLE 32.--Sample Input of the Model 
'l.O 1 2 
20 IJRR!, JOYOEBPUR, DHAKA 2398 9042 80 2000 
3 0 1 31 5 
4 0 4 0 . :.381E+03 0 . 567E+Ol-O. 205E-01 0 . 166E-04 
.~ 0 240C 000 
eo· .22 5.9.98.53.8.7,8.28.0 
70 ;,;:J 3. 10. 6.93.49. 7 . 3. 6 . 84 .0 
80 c.~ ~. 10 ... ~3. 51. 8 . 4. 6 . 3. 0 
90 23. 2. 9 . 5 - S:3. 53. 9 . 1. 7 . 56.0 
100 ;24, 9. 6. 9:2. 44 , 9 . 4. 6 . 3. 0 
110 23 ~- 9 . 5. 100.51. 9 . 3. 5 . 9 . 0 
t:;:o 2:: . 6. 9 . 2-92. 47. 9 . 2. o. 44, o 
\30 23. ~. 14 . ;;: , 92 . 56. 8 . 7. 5 . 47. 0 
140 2:.. 18. 87 . ::.a. 4 . ,, 4 . 28 . 1 
t~o 24. e. 12. e. , 94, ot. 3, 7 . oo. o 
toO 23. 1. 9. 2 . 100 . aa. 4 . 6. 5 . 44. o 
170 ;24,9 . 8 ,9;2. 47 . 8 . 9 . 3 . 82.0 
ll30 ~4. 2. 12. j , 93 . 53. 8 . t. 3 . 7 8 . 0 
190 25.1 1.87-57.7. 3.4. 75.0 
2 00 24. 10.93 . .t4. 8 . 5.4. 14.0 
21 0 2:3 . s. 15. 5 .- 86. 6Q, 3. 3. 5 . 18. 0 
~20 26. e. 13. c-: .- s2 . ss.s . 4 . t4, o 
23 0 2~ 9. 11. t.. 94. 52. 9. 5 . 18.0 
2 40 25. 3. 12 • .,~::;. 46. 9. 5 . 04. 0 
2~0 26. :; , 13. 'i'3, 49 . 8 . 7 , 3 . 6. 0 
2e.o 26. 4, 10 . :;, eo. 49, 9. 4, ~- 1e. o 
270 27. 3. 11 . ;), 93. 52. 9 . 6. 3 . 42.0 
28 0 27. ~I 14. ~=· 53, 8 , 4, 3 , 17. 0 
~?9o 2t. . e. 12. 6 . 94 , 60. 7 . 7 . 3 . 31. o 
30o 27. a. 12. ~. 93 , 49, 9 . 1. 3 . 49 , o 
31 0 :28. t. 1:2. 'IS. 36. 8 . 6. 3 . 35.0 
3:20 28. ;;z. 12 . 7 . 93 . 47 . 9 . 5. 3 . 38.0 
33 0 29. 14 . e . 9:3. 46. 9 . 4, 4 . 77. o 
:J4o 23. 1 5 . ;;z, s~. 94, 3 . e. 5. 58. 9 . 7 
:::5o 24. 7. 16. tc=o. eo. 2 . s. 4 . 1e. e 
36 0 25. 1 3 , 100. so . a. a . 7 . 06. o 
.370 ;;;z~. 12. 2. "=· 31. 3 . 3 . 7 8. 0 
380 23. 3.11.6. 87.43.6.1 .5. 87 .0 
~90 ;24 . 3. 10. 6£. 34. 8 . 9. 6 . 91. 0 
400 23. 4 . 8 . 4. 9 2 . 38. 10. 6 . 19.0 
410 2:J. o. 8 . q , 9 3 . 53. 10. 1. 5 . 37 .0 
420 23 s . 7 . s . n, ao. to, 4 . 57. o 
4 3 0 24. 9. 9 . s. 92. 46. 7' 4 . 86 . 0 
440 2 6 . 2. 13. :.::. 86. 36. 6 . 7. 4 . 36.0 
450 26. 4 . 13. ;;z, 100. 44 , 6. 3 . 64. 0 
460 2e. 12. e. 94, 42. 9 . 4 . .-!8. o 
470 27. 9. 12 . 8. 87. 42. 9 . 7. 4 . 36.0 
480 2 7 . s. 10 . :;, 87 I 36, 10. 3 , 4 , 90t 0 
490 28. 2. 12. 6. 93. so. 10. 1' 3 . 78.0 
500 29 . 7, 16 . J, 87, 31 . B. 9 , 3 . 12 , 0 
51 o 30. 7, 16. s. 94, 64. a. 4, 3 . 4, o 
520 32. 16. 9. 1(:(), 44. 9 . 7. 4 . 75.0 
5:30 3C. . 5. 16. 94. 33. 9 . 6 . 5 . 11. 0 
:!;40 29. 9. 16. :5 . 94. 40. 6 . 6. 5 . 65.0 
:550 30. 14 . 2 . 94. 45. 9 . 7. 6 . 05.0 
S60 28. 7, 13. 1 . 88. 33, 9 . e . 5 . 15. o 
570 30. 1 ' 16 . j, 94. 35. 10. 5 . qe, 6 . 9 
sec 2:2. 3, 14 . s . a s. 70. 1. s . 6 . 12 • . 8 
590 2e. 3 , 15 . ..3, 94, as . 10. 3 . o . 34, o 
6C•O 28 e, 15 . ~ . 88, 59, 6 . 9, 6 . 05, 3 . 0 
e.1o 28. 2. 16. ~ . 94. sa . 6. t. 9 . 07, 11 . 2 
TABLE 32.--Continued 
6.20 
630 
640 
650 
660 
670 
680 
690 
700 
7 10 
7:20 
730 
7 40 
1~0 
le O 
770 
:180 
790 
900 
~10 
1320 
930 
840 
8~0 
8o0 
870 
~80 
890 
900 
910 
92:0 
93-0 
940 
9,0 
9e-O 
970 
qeo 
990 
1000 
10l0 
1C20 
10-:lO 
10 40 
1 0~0 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1t50 
1160 
1 170 
1'!.80 
1190 
1200 
t.=::LO 
1~20 
26 . 8.17 ~ , 94.bQ, 8 . 6. , . 2:2.0 
:26 3. i:2 . 7. 94. 52. 9 . 7. 6 . J, 0 
27 s . 14 . L 87 I 34. 10. 4, 5 . 76.0 
:29 . :2. te . s. 95, s2 . to, 6 . 49, o 
3G 5,21 . L95.70,7 . 8,7. 56 •. 3 
30 :2. 18. ""=·· ss. 7. 6 . 95. 13. 5 
31. :2. 20 . ;;:, 95, 67. a . e. 6 . 84, o 
31. 3. 17. 4, 9~. 4:2. 8 . 2. 6. 7. 0 
32. 17 . s. 94,4:2. 8 . 7. 5 . 33.0 
31 e. :o. 4 , 95, ss. 7 . 6. 4 . 86. o 
31 e. t7 . :J, too.oo. 7, e . o6. o 
32. 19. 94. 60. 9 . 6. 6 . 23. 0 
33 e. te. s . too. 64, 7 . 9, 7 . 39, o 
36. 22. 2 . "'1~- . 63. q, 11. 02. 0 
34. 17. 95. ~9. q, 11. 56. 0 
33, te. ,, 9~. 34.8. a. 9 . 32, o 
31.19. 100 . 27.8. 6.7. 81.31. 7 
2"7. 18. 2. 89. 71.3. 3. 8. 21. 20. 6 
31 . 22. 2 . 79. 39. 6 . 3. 7 . 99. 17. 3 
31. 20. e. 95, 60· 10 . 3. 4 . 86, o 
31. 24. 1oo. 75, e. e. 10. 33, o 
30 . 5. 22. '15, 76. 8 . 6. 13 . 14. 0 
30.20.9:5.71.5. 1 . 10. 19.16 . 5 
30. 20. 95, 79. 6 . 7. 9 . 76. 9 . 9 
30. 3, 15. ;2, 90, b4, 10. 5 . 47 , 0 
29 . 2. 15. :;, 94. 31. 9 . 7. 4 . t. 0 
30. 15. 3 . 94. 27. 10. 1. 4. 86. 0 
31. 4, 19. 4. 94. 44. 10. 2. 4 . 9 . 0 
33. 22. 5. -;>~ .• 60. 9. 7. 92. 0 
32. e. 24. e. 95, 79. 7. 1. 10. 94, o 
33. 2. 21. j, 95. 66. 9 . 6. 10. 33. 2. 8 
33. 23. 90. 76. 8. 6. 7. 27. 10. 9 
34,:21. 2. 95, eo. 9. a. 4 . 79. o 
34, 18. 3, 9~. sa. 10 . 2. 3 . 96. o 
24. 3, 23. a. 94. 31. 10. 2. s. sa. o 
34. 2. 23. 6 . 95. 72. 8 . 7. 9 . 47.0 
35, 25. 5. 95, 73, e. 3, 13 . 1. o 
37. 24. 7. 91. 43. 9 . 5. 9 . 07. 0 
37. 23. 5. 9~-. 35. 10. 11. 27. 0 
35. 2. 21 . s. 95, 36. 6". a. 6 . e. o 
37. 3, 25 . s. 95, 31 . 10. 3 , 11. ea. o 
35. 20. s. '?'!'. 34. 9 . 3. 9 . 54. 0 
35. 20. 6. 91. 78. 10. 13. 07. 2 . 5 
32. 19. 90 . 76. 8 . 4. 12. 02. 12 . 7 
29. 23. :;z, 89, 79, 8 . a. a. oo. o 
33 . 5. 20. 5. 95. 64. 7 . 4. 7 . 99. 1 
31. 19 . s. 95. 75. 6. 9 . 07. 62. 5 
32. 4. 20. 95. sa. 9 . s. 5 . 69. o 
32. 2. 20. 5. 95. 58. 6 . 4. 8 . 78. 0 
31. 20. 90 , 63. 7. 8 . 42.0 
32. s. 21 . s. 95, 49, e. 7 . 96 • . 5 
32. 21. 7. 95, 47, s . e. 7 . at. o 
31 5. 21 . 3. 85. 56. 6 . s. 6 . 26. 0 
33 3.19 ::;,95, sa. to. 7.6. ot.o 
34. 4. 22. 4 , 95, 35, 10. e . 4 . 39 , o 
34. 8. 21 . 3. 95. 31 . 10. 3' 6 . 77. 0 
35. 5.19 . 9 . 90.66. 9.11 . 56.11 
2"7.19. 3 . 89.77.4.8.11 95.0 
32. 20. s. 95. 78. 4 . 8. 9 . 54. 1 5 . 7 
30. s . 24 . 3. 95. 67. 10. 9 . 27 . 45. 2 
32. 19. 2 . '-15. 69 . 6 . a. 13 . 68 . 12. s 
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L.230 28. 3, ::z2 , 9 1. 45. 6, 11. 27 . 0 
12 40 30. :z. 22. s . 9t . 47, 2 . ,, e. e6. 9 . t 
t2.5o 32. s. :22. e. 91. 87. 7 . o. 11 . oo. 11. 4 
12:-o 26. 6 . 20 . a. 90. as. 1. o. 11. :52. s. 6 
1.:70 25. 2. 21. 9~. 90. 1 . 6. 8 . .21. 28. 2 
1.2ao 31 . e. 22. 3, 90. 76. o . 1. o . 46. 20 
1290 30. 8. 19 . 4 . 95. 87. 1 . 4. 6 . 67. 19. 5 
1300 32. t . 20 . o. 95. so. 4 . 3 . 7 . 54.63 
13 : 0 3 1. 22. 2 . 90,76. 7 . 1.6. 17. 0 
t32o 33. 1. 20. 9o. 79, to . 3 , o . sa. 36. 2 
1330 30. ~3 . 3 . 90. 79. 6 . t. 6 . 67.0 
1340 30. 6. 23. 2 . 95, 10. o. o. o. as . o 
t3~o 2e. 5 , 20 . 6. 9o. eo. 1. s. 5. 29. 2s. 3 
t360 31. 23 . 4 , 90. oe, 7 . e. 3 . 46. s 
1370 33. 23 . 6, 95. 64. 8 . 2. 3. 75. 3. 8 
1380 32. s . 2~~~li. 5. 95. 69. 9 . 4. 3. 17. 27. 7 
13'?0 30. 5. 22. 7. 100.86. 4 . 5. 6. 14.30 
1400 33. 4. 24. 3. 100.69, 7 . 9 . 3 . 31.0 
14 : 0 
1420 
1430 
1440 
14 !1 0 
14~0 
14:"'0 
1480 
1490 
1 ~00 
l !ll O 
15;!0 
1;3:30 
1540 
1 5~0 
1SQO 
1 " 0 
1~80 
1~90 
160 0 
1610 
i6~0 
1o::o 
1o40 
1o50 
1660 
167'0 
1680 
33. ~ . 26. t. 91. 67. 9 . 6. ~. 0 
31 . 2 . 23 . ~. 91. 69. 6 . ,, 6 . 96. 0 
32. , , 26. 90. 62. 11. 6. 5 . 17. 0 
33, 22. e . 95, 6'· 7 . 3. 6. 96. 15. 2 
33, 21. a. 95. 73, 9 . 6. 9 . 5, 59 . 5 
31. 2 . 25 . 95, 63. 5 . a. 6 . 21. o 
3~ . 2· 22 . 3. 95. 69. 4 . 6. 6 . 54. 21. 5 
32. 7. 23, 95, 72. 9. 6. 3 . oa. 1 . 3 
32. 6. 23 . 5. 90. 69. 10. 4. 4 . 04.0 
35. 25. 1. 91. 67. 11. 4 . 2. 08.0 
3 5 . 8 . 27. 96.63.11 . 5.1 . 92 , o 
35. a. 27_ 3. 96. 64. 11. 6. 2 . 65. o 
36. 5 . 26. 4. 91 . 64. 12. 4 . 1. 0 
35. 1 . 26. e. 95 , 64, 10. a. 3 . as. o 
36. 3 . 27 . 7 . 96.61. 11 . 2.2. 5a.o 
36. 6. 28. 96, 62. 11 . 4, 4 . 2. 0 
2 2 1 
120 7 4 1 20 10 1100 1900 
100 200 
203E-01 
BOOE+OO 
107E+01 
3 1 
BARTABIL 
1 100 
4028 27 
- . 652£+02 
0 0 0 
000 00 
150£+01 
. 104E+OO 
. 291E+OO 
00 00 
- . 637E+OO 
- . 647E+OO 
- . 798E+OO 
356 1050 725 
559E+02 - . 265E+01 
1400 bOO 420 
122E+OO 
. 189£+01 -. 108E+01 
. 4SOE+OO - . 440E+OO 
15 10 
. 485E-D1 
187 
90 500 
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TABLE 33 . --Sample Output of the Model 
-----·-----· ----·------
DAILY REFERENCE CROP EVAPOTRANSP I RAT 10\1 
LOCATION : BRRX. JOVDEBP~ . DHAKA 
LAT= 23.98 DEG LONG- 90. 420EG ELE• 8 . ~H 
.J ULIAN I"'ONTH DAY TEMPERATURE REL HUMIDITY SOLAR WIND ETR 
DA Y MAX MIN MAX MIN RADIATION OI.M / CMM ) 
<DEG F> C LANGLEYS ) DAY) 
1 JAN 1 22. 5 9 . 0 93. 0 03. 0 384. 6 198. 7 2 . 8 0 . 0 
2 JAN 2 23. 3 10 . 6 93. 0 49 . 0 346. 5 164 . 2 2. 7 0 . 0 
3 J AN 3 22. s 10 . 0 93. 0 5 1. 0 377. 4 151 . 2 2 . 7 0 . 0 
JAN 4 23. 2 9 . 0 93. 0 03. 0 3'n. 4 181 . 4 2 . 9 0 . 0 
JAN 5 24 . 0 9 . 6 92. 0 44 . 0 406. 3 151 . 2 3 . 0 0 . 0 
JAN 6 23. 5 9 . 0 100. 0 ... 0 404. 3 141.6 2 . 7 0 . 0 
JAN 7 23.6 9 . 2 92. 0 47 . 0 402. 3 154. 6 3 . 0 0 . 0 
JAN 8 23. 5 14 . 2 92.0 ... 0 389. 3 131 . 3 2 . 9 0 . 0 
JAN 9 25. 0 18 . 0 87. 0 08. 0 273. 1 102. 7 2 . 0 1.0 
10 J AN 10 24 . 8 12 . 6 94. 0 61. 0 231.9 169. 4 2 . 3 0 . 0 
1 1 JAN ! 1 23. 1 9 . 
" 
100. 0 88. 0 277. 2 130. 6 1.0 0 . 0 
12 JAN ' 2 24 . 0 9 . 8 92. 0 47 . 0 398. 5 91.7 2 . 8 0 . 0 
13 JAN 13 24. 2 1:1 . 0 93.0 03. 0 377. 1 90. 7 2 . 7 0 . 0 
14 JAN 14 25. 0 11. 0 87. 0 07. 0 355. b 114. 0 2 . 8 0 . 0 
.. JAN 
" 
:24 . 0 10 . 0 93. 0 ... 0 390. 4 99. 4 2 . 6 0 . 0 
16 JAN 16 23. 5 
" · 
0 86. 0 60 . 0 244. 4 124. 3 2 . 4 0 . 0 
1 7 JAN 17 26. 8 13 . 
" 
82. 0 ... 0 378. 6 99. 4 3 . 1 0 . 0 
18 JAN !8 25 . 9 11. 6 94. 0 ... 0 408. 2 124. 3 3 . 2 0 . 0 
19 JAN 19 ;25 . 3 1:1. 0 93. 0 46. 0 409. 4 121.0 3 . 3 0 . 0 
20 JAN 20 26. ' 13 . 0 93.0 49. 0 402.2 86. 4 3 . 1 0 . 0 
~ 1 JAN 21 .26. 4 10 . 0 80. 0 49. 0 4.23. 6 1.24 . 3 3 . 0 0 . 0 
~2 JAN 
"" 
2 7. 3 11. 3 93. 0 ... o 430. 8 8.2 . 1 3 . 2 0 . 0 
23 JAN ~3 27. 5 14 . 0 93. 0 03. 0 397. 6 76. 1 3 . 1 0 . 0 
24 JAN 2 4 .26 . 8 1:1 . 6 94. 0 60. 0 378. 8 79. 4 :1. 9 0 . 0 
2> JAN 00 .27 . 8 1:1 . 0 93. 0 49. 0 420. 8 83. 8 3 . 3 0 . 0 
26 JAN " 6 28. 1 1:1 . 0 93. 0 36. 0 407. 8 80. 4 3 . 4 0 . 0 
27 JAN :;;7 28 . .2 12 . 7 93. 0 47 . 0 43:5 . 6 81 . 1 3 . 5 0 . 0 
:18 JAN 28 29. 0 14 . 8 93. 0 46. 0 434. 3 114. 5 3 . 8 0 . 0 
29 JAN 29 23. 0 ... 2 82. 0 94 . 0 271.3 133. 9 2 . 1 9 . 7 
30 JAN :30 24 . 7 16 . 0 100. 0 80. 0 234. 1 100. 3 1.8 0 . 8 
31 JAN 8 1 25. 0 13 . 0 100. 0 50. 0 421.6 169. 4 3 . 6 0 . 0 
3 2 FEll .22. 0 1:1 . 2 93. 0 31 . 0 .2:51. 0 90. 7 2 . 6 0 . 0 
3 3 FEll 23. 3 11. 6 87. 0 43. 0 344. :5 140. 9 3 . 3 0 . 0 
34 FEll .24 . 3 10 . 0 68. 0 34. 0 4.29. 7 16:5. 8 4 . 4 0 . 0 
3 0 FEll 4 23. 4 8 . 4 92. 0 38. 0 464. 4 148. 6 3 . 8 0 . 0 
36 FEll 0 23. 0 8 . 9 93. 0 03. 0 469. 3 128. 9 3 . 5 0 . 0 
37 FEll 6 23. :5 7 . 0 77 . 0 80. 0 468 . .2 109. 7 3 . 2 0 . 0 
38 FEB 7 24 . 9 9 . 5 92. 0 46. 0 379. 2 116. 6 3 . 2 0 . 0 
39 FEll 8 26 . 2 13 . 3 86. 0 36. 0 371. B 104. 6 3 . 6 0 . 0 
4 0 FEll 9 26.4 13 . 2 100. 0 44. 0 35.2. 0 87. 4 3 . 1 0 . 0 
4 1 FEll w 28.0 1:1 . 8 94 . 0 42. 0 445. 5 102. 7 3 . 9 0 . 0 
42 FEll 11 27. 9 12 . 8 87 . 0 42. 0 468.9 104.6 4 . 1 0 . 0 
43 FEB i2 27. 5 10 . 0 87. 0 36 . 0 489. 4 117 . 6 4 . 3 0 . 0 
4 4 FEll ! 3 .28 . 2 1:1 . 6 93. 0 00 . 0 485. 3 90. 7 4 . 0 0 . 0 
45 FEB 14 29. 7 16 . 7 87. 0 31. 0 450. 1 74 . 9 4 . 3 0 . 0 
46 FEll 
'" 
30. 7 16 . 3 94. 0 ... 0 436. 4 81 . 6 3 . 8 0 . 0 
47 FEll : 6 32. 0 16 . 9 100. 0 44 . 0 479. 0 114 . 0 4 . 5 0 . 0 
48 FEll ~ 7 30. 5 16 . 0 94. 0 33. 0 477. 9 122. 6 4 . 7 0 . 0 
4 . FEB IS 29. 9 16 . 0 94 . 0 40. 0 385. 4 135 . 6 4 . 1 0 . 0 
5 0 FEB ! 9 3 0.0 1 4 . 2 94 . 0 45. 0 485. 2 145. 2 4 . 6 0 . 0 
5i FEB 10 28 . 7 13 . 7 88. 0 33 . 0 490. 4 123. 6 4 . 7 0 . 0 
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52 FEB ~1 30. 1 16 . s q4 , 0 35. 0 498. 9 143. ~ S. 1 6 . 9 
53 FEB 02 22. 3 14 5 88. 0 70. 0 229. 2 146 . 9 2 . 3 0 . 8 
54 FED 7.3 28. 3 15 . 3 94 . 0 85. 0 512.8 152.2 4 . 0 0 . 0 
S5 FEB ~4 28. 8 15 . 9 88. 0 59. 0 405. 4 145. 2 4 . 0 3. 0 
56 FEB zs 28.;! 16 . 2 94. 0 58 . 381.3 217. 7 4 . 1 11.2 
57 FED ~6 26.8 17. 2 94. 0 60 . 464. 1 l:o!S . 3 4 . 1 0 . 0 
58 FEB 7.7 28. 3 12 . 7 94. 0 52. sot. a 151.2 4 . 5 0 . 0 
59 FEB ~8 27. 5 14 . 87. 0 34. 5:26.8 138. 2 5. 1 0 . 0 
60 MAR 1 29. 2 18 95. 0 52. 515. 8 155. 5 5 . 0 0 . 0 
61 MAR 2 30. 5 .:21. 1 95. 0 70. 0 445. 6 181 . 4 4 . s 0 . 3 
62 MAR 3 30.2 18 . 0 95. 0 55. 0 421.0 166. 8 4 . 4 13. 5 
63 MAR 4 31 . 2 20 . 2 9:1 . 0 67. 0 48.:2. 4 164. 2 4 . 8 0 . 0 
64 MAR s 31.3 17 . 4 95. 0 42. 0 464. 4 160. 8 5. 0 0 . 0 
65 MAR 6 32. 0 17 . 5 94. 0 42. 0 482. 9 127. 9 5. 0 0 . 0 
66 MAR 7 31.8 20. 4 95. 0 55. 0 448. 1 116. 6 4 . 6 0 . 0 
67 MAR 8 31.8 17 . 3 100. 0 60. 0 429. 7 193. 4 4 . 4 0 . 0 
68 MAR 9 32. 0 19 . 0 94. 0 60. 0 518.9 149. 5 5. 1 0 . 0 
69 MAR 10 33. 8 18 . 5 100. 0 64. 0 463. 5 177. 1 4 . 7 0 . 0 
70 MAR 11 36. 0 22 . 2 95. 0 63. 0 502. 5 264. 5 6 . 0 0 . 0 
71 MAR 12 34. 0 17 . 0 95. 0 59. 0 504. 4 277. 4 5. 7 0 . 0 
72 HAR i3 33.0 18 . 5 95. 0 34 . 0 499.4 223. 7 6 . 2 0 . 0 
73 MAR 14 31 . 0 19 . 0 100. 0 27. 0 494. 4 187. 4 5. 8 31.7 
74 MAR I S 27. 0 18. 2 89. 0 71. 0 314.9 197. 0 3 . s 20. 6 
75 MAR 16 31.0 22. 2 79. 0 39. 0 419. 1 191.8 5 . 8 17. 3 
76 MAR 17 31 . 0 20 . 8 95. 0 60. 0 558.2 116.6 S. 3 0 . 0 
77 MAR 18 31.0 24 . 0 100. 0 75. 0 508. 4 247. 9 5 . 2 0 . 0 
78 MAR 19 30.5 22 . 0 95 . 0 76. 0 ~03 . .2 31~. 4 5. 4 0 . 0 
79 MAR 20 30.0 20. 0 9~ . 0 71. 0 383.6 .244 . 6 4 . 2 16.' 
80 MAR 2 1 30. 0 20. 0 9~ . 0 79. 0 440. ' 234.2 4 . 3 9 . 9 
81 MAR 02 30. 3 15 . 2 90. 0 64. 0 ~~6. 9 131.3 5. 0 0 . 0 
82 HAR ~3 29. 2 15 . 5 94 . 0 31 . 0 :548.2 98. 4 5. 2 0. 0 
83 MAR ~4 30. 0 15 . 3 94.0 27 . 0 :563.9 116.6 5. 5 0 . 0 
84 MAR ~~ 31.4 19 . 4 94, 0 44 . 0 :569. 1 117 . 6 5. 7 0 . 0 
85 MAR '6 33.0 22 . 5 9~ . 0 60. 0 ~28. 6 190. 1 5. 8 0 . 0 
86 MAR 27 3;! . 8 24 . 8 9:5 . 0 79. 0 484. 4 262.6 5 . 3 0 . 0 
87 MAR 28 33. 2 21. 5 9:5 . 0 66. 0 :5:5:;2. 9 247. 9 6 . 0 2 . 8 
88 MAR 29 33. 0 23 . 0 90. 0 76. 0 :519. 1 174 .5 5 . 4 10. 9 
89 MAR 80 34. 0 21. 2 9:5 . 0 00. 0 :563. 1 11:5.0 5. 3 0 . 0 
90 HAR 31 34 . 0 18 . 3 95. 0 58. 0 :578. 8 95. 0 5 . 5 0 . 0 
91 APR 24. 3 23 . 8 94. 0 31. 0 :580. 3 133. 9 6 . 0 0 . 0 
92 APR 34. 2 23 . 6 95. 0 72. 0 528. 3 227."3 5. 8 0 . 0 
93 APR 3:5 . 0 25 . 5 95. 0 73. 0 51:5. 4 314. 4 6 . 2 0 . 0 
94 APR 37. 0 24 . 9 1.0 43. 0 :559. 6 217. 7 7 . 4 0 . 0 
95 APR 37. 0 23 . 9:5 . 0 35. 0 578.9 270. 5 8 . 0 0 . 0 
96 APR 6 35. 2 21. 95. 0 36. 0 465. 4 163.2 5 . 8 0 . 0 
97 APR 7 37. 3 25 . 95.0 31. 0 :592.3 285. 1 8 . 6 0 . 0 
98 APR 8 35 . 0 20 . 9~ . 0 34. 0 557.6 229. 0 7 . 1 0 . 0 
99 APR 9 35.0 20 . 91 . 0 78. 0 ~84. 1 313. 7 6 . 4 :! . ~ 
100 APR 10 32. 0 19 . 90. 0 76. 0 :527.6 288.5 5. 6 12. 7 
101 APR !1 29. 0 23. 2 89. 0 79. 0 ~43. 2 193. 4 5. 4 0 . 0 
102 APR 12 33. 5 20 . 5 9~ . 0 64. 0 493. 6 191.8 5. 4 1.0 
103 APR 13 31.0 19 5 9~ . 0 75. 0 443. 9 217 . 7 4. 5 62. 5 
104 APR 14 32. 4 20 . 0 95.0 58. 0 571.8 136.6 5. 7 0 . 0 
105 APR 
'" 
32.2 20 . 5 9~ . 0 58. 0 460. 3 210. 7 5. 3 0. 0 
t Oo APR !6 31.0 20 . 0 90. 0 63. 0 483. 0 202.1 S. 3 0 . 0 
107 APR :7 32. 5 21 . 8 95. 0 49. 0 520. 3 191.0 6 . 0 0 . , 
108 APR 18 32. 0 21 . 7 95. 0 47 0 441. 1 187 . 4 S. 4 0 . 0 
109 APR !9 31 . 5 21 . 3 85. 0 56. 0 467. 4 150. 2 5 . 3 0 . 0 
110 APR ~"0 33. 3 19 . 5 95 . 0 58. 0 621. 5 144. 2 6 . 2 0 . 0 
111 APR 21 34.4 22 . 95 . 0 35. 0 626. 1 105. 4 6 . 7 0 . 0 
112 APR ~2 34 . 8 21. 95. 0 31 . 0 608. 7 162. 5 7 . 1 0 . 0 
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113 APR :23 35. 5 19 . 9 90. 0 66. 0 562. 0 277. 4 b . b 1 1. 0 
114 APR 24 27 . 0 19 . 3 89 . 0 77 . 0 409.0 286. 8 4 . 4 0 . 0 
115 APR 25 32. 0 20 . 5 95. 0 78. 0 409. 7 229. 0 4 . 3 1 5 . 7 
116 APR 2 6 30. 5 2 4 . 3 95. 0 b7 . 0 601.0 222. 5 b . 4 45. 2 
117 APR 2 7 32. 0 19 . 2 95. 0 b9. 0 484. 3 328. 3 5. 6 12. 5 
118 APR 28 28 . 3 22 . 0 91 . 0 45. 0 455. 6 270. 5 b . 1 0 . 0 
11 9 APR 29 30. 2 22 . 5 91.0 47. 0 327. 7 212. 6 4 . 8 9 . 1 
120 APR =o 32. !I 22 . 8 91 . 0 87 . 0 515. 6 279. 8 5 4 11.4 
12 l MAY 1 2 6 . 6 20 . 8 90. 0 85. 0 295. 7 276.5 3 . 3 5 . b 
122 MAY 2 25. 2 21 . 0 95. 0 90. 0 296. 2 197. 0 2 . 7 28. 2 
123 MAY 3 31.8 22 . 3 90. 0 76. 0 462. 2 155. 0 4 . 8 20. 0 
124 MAY 4 30. 8 19 . 4 95. 0 87 . 0 289. 7 160. 1 2 . 8 19. 5 
125 MAY 5 32. 1 20 . 0 95. 0 80. 0 396. 9 181 . 0 4 . 0 63. 0 
12b MAY 6 31.0 22 . 2 90. 0 76. 0 500. 5 148. 1 5. 0 0 . 0 
127 MAY 7 33. 1 20. 0 90. 0 79. 0 618. 8 165. 1 6 . 0 36. 2 
128 MAY 8 30. 0 23 . 3 90.0 79. 0 464. 6 160. 1 4 . 7 0. 0 
129 MAY 9 30. 6 23 . 2 95. 0 70. 0 483. 4 165. 1 5. 0 0 . 0 
130 MA Y 10 ;28. 5 20 . 6 90. 0 86. 0 295.9 127 . 0 2 . 9 25. 3 
131 MAY 11 3 1.0 23 . 4 90.0 68. 0 528. 4 83.0 5. 2 0 . 5 
132 MAY 12 33. 0 23 . 6 95. 0 64. 0 543.6 90. 0 5. ' 3 . 8 
133 MAY 13 32. 5 25 . 5 95. 0 b9. 0 588. 2 76. 1 5. 8 27 . 7 
134 MAY 14 30. 5 22 . 7 100. 0 86. 0 407. 9 147. 4 3 . 8 30. 0 
135 MAY 
'" 
33. 4 24 . 3 100. 0 69. 0 533. 5 79. 4 5 . 3 0 . 0 
136 MAY 16 33. 5 26 . 1 91.0 67. 0 596. 5 120. 0 6 . 4 0 . 0 
137 MAY 17 31.2 23 . 5 91.0 69. 0 482. 6 167. 0 • . 2 0. 0 
138 MAY 18 32. 5 2b . 0 90. 0 62. 0 670. 9 124. 1 7 . 0 0 . 0 
139 MAY 19 33.0 22 . 8 95. 0 65 . 0 512.6 167 . 0 5. 6 15. 2 
140 MAY 20 33. 0 21. 8 95. 0 73. 0 597. 7 228.0 6. 2 59.:5 
14 1 MAY ~ 1 31.2 25 . 0 9:5 . 0 63. 0 4:57. 8 149. 0 5. I 0 . 0 
142 MAY 22 33. 2 22 . 3 95.0 b9 . 0 413.8 157. 0 4 . 6 21.5 
143 MA Y 23 32.7 23. 0 95.0 72. 0 :598. 4 73.9 5. 7 1.3 
144 MAY ~4 32. 6 23 . 5 90. 0 69. 0 628.0 97. 0 6 . 2 0 . 0 
145 MAY 25 35. 0 25 . 1 91 . 0 67 . 0 66:5. 1 49. 9 6 . 6 0 . 0 
146 MAY ~6 35.8 27 . 0 96. 0 63. 0 669.0 46. 1 6 . 9 0 . 0 
147 MAV 07 35. 8 27 . 3 96. 0 64. 0 672. 8 63. 6 7. 0 0 . 0 
148 MAY ~8 36. :5 26 . 4 91.0 64. 0 687. 7 98. 4 7. 4 0. 0 
149 MAY 29 35. 1 26 . 8 95. 0 64 . 0 643.6 93. 1 b . 8 0 . 0 
150 MAY JO 36. 3 27 . 7 96. 0 61. 0 6:58.5 61.9 7 . 0 0 . 0 
151 MAY 3 1 36. 6 28 . 0 96. 0 62. 0 666.0 100. 8 7 . 3 0 . 0 
TABLE 33.--Continued 
RO TATION UNIT NO . 
TO TAL IRRIGATION= 389. 1 mm 
TOTAL RATNFALL= 698. 3 
TOTAL DRAINAGE= 150. 6 
TOTAL ET= 669 . 4 mm 
TOTAL ST:1ESS DAY= 0 
ROTAT ION UNIT NO ~ 
TOTAL IRRIGATION= 392. 0 mm 
TOfAL RAINFALL= 698 . 3 mm 
T OTAL DRAINAGE= 158. 5 mm 
TO TAL ET= 666. 7 mm 
TO TAL ST:1ESS DAY= 0 
T OTAL IRRIGATION= 392 . 3 mm 
T OTAL RAINFALL= 698 3 
T OTAL DRAI NAGE= 165 . 8 
TO TM . E T= 663 . 8 mm 
T.Jl,; t_ STR£:SS DAY= 
ROlATI ON UNIT NO . 4 
TOTAL IRRIGATION= 401 . S mm 
TO TAL RAINFALL= 697. 3 
TOTAL DRA INAGE= t 72 . 9 
TOTAL ET= 661. 4 mm 
TQlAL SffiESS DA't'= 
ROT AT ION UN IT NO . 5 
TOTAL IRR IGATI ON= 414. 0 mm 
T OrAL. RAINFALL= 697 . 3 
T OTAL DRAINAGE::: 181. 0 
TO f AL ET= 659 . 2 mm 
TOTAL Slfl:ESS DAY= 
ROTAT ION UNIT NO. 6 
TOTAL IRR IGATION= 429 . 9 mm 
TOTAL RATNFALL= 697 . 3 
TOTAL DRAINAGE= 189. 8 
T OTAL ET= 657 . 5 mm 
T OTAL STrlESS DAY= 0 
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R OT AT ION UNIT NO . 7 
TOi;\L IRfUGATION= 403. 3 mm 
T OTA L RAINFALL= 697 . 3 
T OTAL DRAINAGE= 167. 4 mm 
T •JTAL ET= 655 . 2 mm 
T OTAL STI1ES9 DAY= 
R OTAT ION UNIT NO . 8 
TOTAL IkRIGATION= 408. 8 mm 
T OTAL RAINFALL= 697 . 3 
T OTAL DRA INAGE= 173. 5 
T OTAL ET= 652. 6 mm 
TOTAL ST:<ESS DAY::: 0 
RO TATION UNIT NO . 9 
TO TAL IRR I GATTON= 413 . 7 mm 
TOTAL RAINFALL"" 697 . 3 
T •JTAL DRAINAGE= 180. 9 mm 
TO TAL ET= 650 . t mm 
T IJTAL ST:1ESS DAY,. 0 
RO I AT iON UNIT NO . 10 
TO TAL If.IRICATION= 377 . 7 mm 
TO I"AL RAINFALL,. 697 . 3 
TOTAL DRAINAGE= 147 . 5 
TO TAL ET= 647. 5 mm 
T OTAL S1:1ESS DAY::: 0 
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TABLE 33. --Continued 
UAILY NCT DEl... IVERY RF.GUIREMOIIT ON A 1-HA 
PADD Y RI CE BLOCK 
JAN 52 . 42 
JAN 8 52 . 42 
JAN 9 51 94 
JAN 10 52 . 42 
JAN l1 52 . 42 
J AN 12 52 . 42 
J AN 1 3 52 . 42 
JAN 14 52 . 42 
J AN 15 52 . 42 
J AN 16 52 . 42 
J AN 17 59 . 41 
JAN 18 59 . 47 
JAN 19 59 . 59 
J AN :20 60 . 39 
JAN 21 60 . 76 
J AN 22 6 1. 62 
JAN 23 6 1. 80 
JAN 24 61. 97 
JAN 25 62 . 01 
JAN 26 62 . 32 
JAN '27 71. 95 
J AN 28 72 . 21 
JAN 29 61 . 87 
JAN 30 62. 83 
JAN 31 62 . 07 
FEB I b2 . 12 
FEB 2 61. 65 
FEB 3 61. 78 
FEB 4 62 . 95 
FEB 5 63 . 31 
FEB 6 66 . 88 
FEB 7 66 . 59 
FEB 8 76 . 80 
FEB 9 79 . 21 
FEB 10 79 . 5 9 
FEB 11 79 . >9 
FEB 12 79. 59 
FEB 13 79 . 59 
FEB 14 79 . 5 9 
FEB 15 79 . 5 9 
FEB 16 66 . 67 
FEB 17 66 . 67 
FEB 18 66 . 67 
FEB 19 66 . 67 
FEB 20 66 . 67 
FEB 21 66 . 67 
FEB 22 66. 67 
FEB 23 66 . 67 
FEB 24 66. 67 
FEB 25 52 . 23 
FEB 26 50 02 
FEB 27 51 . 20 
FEB 28 52 . 77 
11AR I 54 . 49 
MAR 2 57 . 48 
MAR 3 40 . 57 
MAR 42 . 
'" 
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MAR 5 44 . 39 
MAR 6 45 . 04 
MAR 7 60 . 82 
MAR 8 64 . 46 
MAR 9 64 . 79 
MAR 10 65 . 57 
MAR 11 65 . 14 
MAR 12 bb . 67 
MAR 13 66 . 67 
MAR 14 46. 17 
MAR 15 19 . 97 
MAR 16 0 . 00 
MAR 17 0 . 00 
MAR 18 !. 24 
MAR 19 2 . 19 
MAR 20 0 . 00 
MAR 21 0 . 00 
MAR 22 0 . 00 
MAR 23 0 . 00 
MAR 24 4 . 58 
MAR 25 3!. 77 
MAR 26 52 . 60 
MAR 27 53 . 65 
MAR 28 58 . 10 
MAR 29 44 . 75 
MAR 30 47 . 29 
MAR 31 48 . 04 
APR 1 47 . 57 
APR 2 66 . 67 
APR 3 66 . 67 
APR 4 66. 67 
APR 5 66 . 67 
APR 6 66 . 67 
APR 7 66 . 67 
APR 8 66 . 67 
APR 9 66 . 67 
APR 10 66 . 67 
APR 11 66 . 67 
APR 12 66 . 67 
APR 13 3!. 01 
APR 14 32 . 19 
APR 15 32 . 23 
APR 16 31 48 
IIPR 17 39 . 11 
APR 18 53 . 59 
APR 19 50 . 87 
APR 20 50. 84 
APR 21 5!. 81 
APR 22 56 . 32 
APR 23 66 . 67 
APR 24 66 . 67 
APR 25 66 . 67 
APR 26 12. 64 
APR 27 0 . 00 
APR 28 0 . 00 
APR 29 0 . 00 
APR 30 0 . 00 
MAY 1 0 . 00 
MAY 2 0 . 00 
MAY 3 0 . 00 
HAY 4 0 . 0 0 
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MAY 
" 
0 . 00 
MAY 6 0 . 00 
MAY 7 0 . 00 
MAY 8 0 . 00 
MAY 9 0 . 00 
MAY 10 0 . 00 
MAY 11 0 . 00 
MAY 12 0. 00 
MAY 13 0. 00 
MAY 14 0 . 00 
MAY 15 0 . 00 
MAY 16 0 . 00 
MAY 17 0 . 00 
MAY 18 0 . 00 
MAY 19 0 . 00 
MAY ~0 0 . 00 
MAY 21 0 . 00 
MAY 22 0 . 00 
MAY 23 0 . 00 
MAY 24 0 . 00 
MAY 25 0 . 00 
MAY 26 0. 00 
MAY 27 0 . 00 
MAY 28 0 . 00 
MAY 29 0. 00 
MAY 30 1 24 
MAY 31 3. 12 
JUN 1 5 . OS 
JUN 2 5 . 67 
JUN 3 6 . 16 
JUN 4 6. 64 
JUN 5 7 . 11 
BCHEMC l'iAME : BARTABIL 
:'UHP Dl :.OCHARGE= 35 . 6 lps P~K ROTATION OPERATING HOURS..: 174. 0 
C+'TlMUM t?:OTATION INTERVAL= 10 da~s 
!~EAK N:: r DELIVERY REQUIREMENT• 767. 0 cum DC CURED IN ROTATION NO 
( ROP HYV-R ICE 
:~REA, hi! 20. 3 
fO TAL CU~MAND AREAz 20 . 3 ha 
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